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PREFACE

This effort was conducted by Purdue University under the sponsorship of
the Rome Air Development Center Post-Doctoral Program. Mr. Jon Valente of
RADC was the task project engineer and provided overall technical direction
and guidance. Prof. B, J. Leon directed this research and the preparation
of this report at Purdue University. The authors of the report are B. J. Leon
and H, K. Thapar.

The RADC Post-Doctoral Program is a cooperative venture between RADC and
some sixty-five universities eligible to participate in the program. Syracuse
University, Clarkson College of Technology and the Georgia Institute of Tech-
nology act as prime contractor schools with other schools participating via
sub-contracts with the prime schools., The U.S. Air Force Academy (Dept. of
Electrical Engineering), Air Force Institute of Technology (Dept. of Electri-
cal Engineering) and the Naval Post Graduate School (Dept. of Electrical Engi-
neering) also participate in the program.

The Post-Doctoral Program provides an opportunity for faculty at partici-
pating universities to spend up to one year full time on exploratory develop-
ment and problem-solving efforts with the post-doctorals splitting their time
between the customer location and their educational institutiéns.

Further information about the RADC Post-Doctoral Progrém can be obtained
from Jacob Scherer, RADC/RBC, Griffiss AFB, NY, 1344}, telephone AV 587-2543,
COMM (315) 330-2543.

This document is the final report for Task 7 of Purdue University's Sub-
contract from Clarkson College of Technology. The task was to 'Develop and
Apply Symbolic Methods to the Volterra Series Approach to Nonlinear Circuit

Analysis."
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CHAPTER 1

—

INTRODUCTION

1-1. Statement of the Objectives

In the analysis of nontinear systems, two main classes of solutions are
generally sought: 1) transient, and 2) steady state. The basic goal of this
investigation is to obtain the sinusoidal steady-state solution of nonlinear
circuits via the Volterra series method [1-141.

The most commonly used present-day approach for analyzing nonlinear
systems is numerical integration [20]. The nonlinear differential equations
When the

are integrated from some initial time, t,, to some final time, t

0

sinusoidal éteady—state response is sought, the value of ¢t

PE
P chosen is usual-
ly lLarge to insure that all transients have been eliminated. A subsequent
fast Fourier analysis yields the frequency components of the output
response. A more efficient method for obtaining the sinusoidal steady-state
response is to pose the analysis problem as a two-point boundary value prob-
lem and then apply Newton's method [20]. This approach, however, allows for
only single frequency inputs.

The problems involved in the numerical integration method are well
known [20]1. These problems notwithstanding, there are other inefficiencies.
When one is solely interested in the steady-state response, the computation

expended in reaching t_ is a waste. This inefficiency grows as the poles of

f
the linearized system move close to the imaginary axis, as is often the case
in many quasi-linear communication circuits.

Other methods such as the harmonic balance or the describing function

method are seldom used, simply because the assumption behind these methods

render them undependable. The Picard iteration method {147 is often used in

nonlinear systems analysis. This method also has Limitations when used for
i




computer—aided analysis, particularly when multi~tone inputs are present.
The fundamental intent behind this report is to examine the computa-
tional aspect of the Volterra series when used for the steady-state analysis
of circuits with multiple nonlinearities and multiple multi~tone input
sources. A basic algorithm for adapting this method for computer-aided
analysis is developed. Its implementation as a digital computer program,
entitled PRANC (Program for Analyzing Nonlinear Circuits), is also included

in this report.

1-2. Organization of the Report

After this introductory chapter, this report contains the following
five chapters.

Chapter 2, entitled "Volterra Series Method'", discusses the analysis
method which forms the basis of this investigation. A systematic approach
for system characterization in the transform domain is developed. The
determination of the sinusoidal steady-state response for multi-tone inputs
from the system characterization is also developed.

Chapter 3 considers the computational aspect of thg Volterra series
method. An algorithm, which uses semi-symbolic analysis [20], is developed
for the efficient implementation of this method on a digital computer. An
overview of PRANC is also presented in this chapter.

Chapter & provides the User's guide for PRANC. Several examples to il~
lustrate the use of this program are included here.

Chapter S contains the Programmer's guide for PRANC. Each sub-program
listing, together with its functions, is documented in this chapter.

Finally, Chapter 6 is reserved for some concluding remarks.




CHAPTER 2 -

N

VOLTERRA SERIES METHOD !

4

; Y
2-1. Introduction 1?

Nonlinear systems that admit a Volterra series description are com~ iﬂ

¥

pletely characterized by their nonlinear impulse response functions or the
generalized transfer functions, which are the multi~dimensional transforms
of the nonlinear impulse response functions. Thus, any analysis of non-
linear systems via the Volterra series method will entai{ the determination
of either one of these functions.

The method for determining the generalized transfer functions given in

f13]1 will be presented here. This method relies on the application of

aaw

multi-dimensional transforms to a set of differential equations. 1In section

2-2 the multi-dimensional transform theory is introduced, along with the ap-

plication of the theory to specific examples which will be subsequently used
i‘ in deriving the generalized transfer functions. In section 2-3 the general-
ized transfer functions for an r-th order scalar nonlinear differential
equation are obtained. Section 2-4 is devoted to the determination of the
nonlinear transfer functions o% a general multiple-node, multiple~-
nonlinearity circuit with a single input. The case of multiple input
sources is treated in section 2-5. Section 2-6 shows the relationship
between the terms in the sinusoidal steady-state response and the general-

ized transfer functions.

2-2. Multi-dimensional Transforms

The Laplace transform pair of a one-dimensional function, f(t), is:

: 3
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Fes) = fere st gt -1
and
1 9t t
f(r) = T-Z—TT—J-)— F(s)es ds 2=-2)
g=j@

For a multi-variable function, f(t1,t2,...,tn), the corresponding multi-

dimensional transform [15] is:

FUSq,Spsmness,) = ﬁ[;;[{f(t1,t2,...,tn)exp(-s1t1-"'-sntn)dt1"'dtn 2-3)

and

- 1 LR N ] e -
£ty unnst ) = ——— [eeefF(sq, 0,5 Dexpls toeerts t dds,..uds (2-4)

(275> "n-fold

f(t1,...,tn) - F(s1,...,sn) (2-5)

Before proceeding further, we make the following notational definitions:

F(s1,52,...,sn) 2[f(t1,t2,...,tn)] (2-6)

and
fty typan,t ) = 2_1EF(S1,52,...,sn)] 2-7)

whether we use Fourier transform or tLaplace transform in egns. (2-3)
and (2-4) depends on the contours of integration and values of 51'52""'sn'
The importance of the region of convergence when dealing with unstable and
non-causal Llinear systems is well known. Here we assume that the systems

under consideration are causal; that is, the Volterra kernels

4
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haCty,to,ea,ty) =0, for ty,ty,...,t, < 0. Also, in general, we are con-

—

cerned with functions (or generalized functions) whose region of convergence

includes the imaginary axis in each variable, so that the Fourier transform L

is included in our definitions. .

It should also be noted that most of the properties of the one-

PR Y A

dimensional transform (lLinear case) carry over to the multi-dimensional

[

R RN

case. The validity of this statement can be checked elsewhere [5].
It is often desirable to express the multi-variable function, Y
flt,, b ,000,t ), as a sinple function of time, f(t), and vice versa. If all X

then 4

ti's are restricted to be identical so that t = ty =ty = cee =, y

fCty,t,.00, ) becomes f(t). Thus, in the two variable case, f(t) can be i
obtained from f(t1,t2) by evaluating f(t1,t2) along the 45° Line ty = to.

Similarly, if we plot f(t1,t2,t3) in a three-dimensional space, then, to ob-~

t1 =ty = ts. The idea of converting a nonlinear function of one varijable t
into a product of linear multi-variable functions will be used repeatedly in I
the sequel. One must, however, bear in mind that the ultimate goal is to
obtain the solution of the differential equation as a function of time, t,

and that the introduction of t1,t2, etc. are merely for mathematical manipu-

tain f(t), we are only interested in f(t1,t2,t3) along the line l

lations.

We now apply multi-dimensional transforms to some specific cases which

will be subsequently used in sections (2-3) and (2-4).

2-2.1 Volterra Series: The Volterra series relates the system input x(t) to

the system output y(t) as follows*:

#*Unless otherwise stated, all Limits of integration are between 0 and = f
in our discussion here. 5
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@ n
y(t) = z I"’ f hn(11,...,1:n) I x{t-1,)dr,
n=1 n-fold i=1 v
= XL y,(0 (2-8)
n=1
where
n
vy =feee f 0 h (et T xCt=tdde, (2-9)
n-fold i=1

Introducing dummy variables t1,t2,...,tn in eqn. (2-9) we can write yn(t)

as:

Yy (£) =y (ta,tn,eea,t )|, . _, _
n n 1 2 n t1-t2-----tn"t

n
coe 0 b (gt T xCti-t)dr, (2-10)
I n-fold " VTTTINT 4o 1T

Taking the n-dimensional transforms of egn. (2-10), we get:

Yn(s1,...,sn) = ztyn(t1,...,tn)]

n -s.t

= I"' I h (typTopene,t) 1T x(t.=te idTodt- @=-11 f
2n=fold " 172TTTINT o T L X
Defining t -1, = o, thq=Tpoq = Op=qses-rtq=-1q = 04, and therefore: _ ﬁ
th T 90t Ths tnoq T OneqtTpaqreeesty T oqtTy;
ddn = dtn'

egn. (2-11) and performing the 2n=-fold integrations with respect to A and

do,_4 = dt,_qse..,doy = dt,. Substituting these quantities in F
6 |




;
‘1
—d

A e o maoe -

s gives

X

n
Yn(s1,...,sn) = Hn(s1,...,sn) 1 X(si) (2-12)
i=1

where Hn(s1,...,sn) and X(si) are the transforms of hn(t1,t2,...,tn) and
x(ti) respectively. Therefore the transform domain description of eqn.

(2-8) becomes:

) n
Y(S4,55,0m0,8) = 2% Ho(Sqpeness,) .n1 X(s) (2-13)
n= 1=

If the input x(t) is a delta function, then eqns. (2-12) and (2-13) reduce,

respectively, to:

Y (Sqrmners ) = H (5,,55,000,8) (2-14)

and i

Y(si,enaps ) = Y Ho(Sqremers)) 2-15) '
n=1 ,

Equations (2-12) through (2-14) will be used repeatedly in section (2-3).

2-2.2 Nonlinear Terms. The characteristics of nonlinear elements encoun-

tered in many nonlinear dynamical systems can be represented over any finite |
range by a polynomial. This gives rise to nonlinear differential equations: |

with polynomial type nonlinear terms. When such elements are used in a sys-

tem, the equilibrium equations contain integrals and derivatives of the po-
lynomials. We can apply multi~-dimensional transforms to these nonlinear
terms by first converting an nth power to an n-fold product of terms with

different domains. More detail on these derivatives is given in [13].

7
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N td :

y2(t) Term: Consider an n-dimensional time space with variables ts,

i=1,2,...,N. From the single variable function y(t) define an n-variable

n
functional Y(t1,t2,...,tn) = Il y(t.), Then

i=1
n - = -
y'(t) = y(t1,t2,...,tn) vit.o=t (2-16)
and
n
Y(sy,ee0,8,) = n Y(s) -17
i=1
s-{_y_ﬂ-(p Term:
"W = Gt )y oy (2-18)
4=t =t
n 3 dts
Y(s,,55,000,8,) = T 5t Yyt G0
s=1 s
= (s1 tsy t ... sn)Y(s1)...Y(sn) (2-19)
f -
y—(t)dt Term:
| JULTTS PO V- T ~t)dt (2-20)
n 't 72 1ttt
Letting T,-ts t., ana taking the transform of eqn. (2-20), we get
) (2-21)

Y(s1,sz,...,sn) = Yn(s1,...,sn)/(s1+sz+...+sn




1 n
= |l —1 [ mves (2-22)
: [$1+Sz"~--“sn]i=1 !

The general forms in egns. (2-12), (2-19) and (2-27) will be used in sec-
tions (2-3) and (2-4). The salient feature in each of these equations is
how an nth degree polynomial function in the time-domain is represented by
the nth-order product of the transform of the function in the transform
domain. It is this product structure which, analogous to the case of linear
system analysis, makes the analysis of nonlinear systems easier via the

transform-domain approach.

2-3. A Nonlinear Differential Equation:

In this section, we present a method, based on applying the multi-
dimensional transforms to nonlinear differential equations, to determine the
response of a nonlinear system with a functional power series type of non-

linearity. The nonlinear differential equation considered is the following:

N

L Cy()] + LL T a y ()] = x(t) (2-23)

1 2-“"n
n=2

where x(t) and y(t) are system input and output, respectively, L1 is a

Linear differential operator:

R ,r
L,Ce1 = L 4—C] (2-24)

r=0dt"
and L2 is g;, j: or a constant, or a sum of these operators. It should be
noted that the Linear operator, L,, operates on a polynomial function of

y(t).




R M A 2t

We now present an approach whereby the nonlinear differential equation
(2-23) is solved by a bootstrapping operation by first dissolving it into a
set of Linear differential equations with nonlinear inputs. Multidimension-
al transforms are then applied to these new equations to obtain the Volterra
series solution.

There are many different methods of rendering a nontinear differential
equation into a sequence of linear differential equations involving succes-
sively higher order outputs with known nonlinear input terms. We use the
approach outlined in [12].

Assume that the input in egn. (2~23) is of the form
x(t) = ev(t) (2-25)

The dummy variable € helps to keep track of the order of the terms: a term
with coefficient €" signifies an nth order term. This can be seen easily by

substituting egn. (2-25) in egn. (2-9), which yields:

nj‘ I :
y (1) = ¢ Joo.) h Crgene,t ) T vt~1.)dr, (2-26)
" afold " T M= v

Let us assume that r(t) is the response to the input v(t) in egn (2-23).
Then, according to the Volterra series expansion, as per ean. (2-8) and

(2-9), the n-th order response is:

n
e = foo S b G, TGt 2-27)
n=fold i=1

Comparing (2-27) and (2-26), we obtain the following relationships:




Ya(t) = & () (2-28)

and therefore, as per eqn. (2-8),
y(t) = Zyn(t) = ), C""n(t) (2-29)
n=1 n=1

We now have two differential equations which relate r(t) and v(t). First,
equation (2-23) can be re-written as:
N

L Or()T + LI T a r (3 = v(t) (2-30)
1 2 n=2 "

Second, after substituting eqn. (2-29) into (2-23), we get:

® N ® .
LIX e (01 + LY @, T er (171 = ev(t (2-31
1 = n A I n

n=1 j=2  “‘n=1
Thus in order to solve eagn. (2-23), we can solve egn. (2-31) for P, n =
1,2,... and substitute in eqgn. (2-29) to solve for y(t) after setting ¢ = 1.
Setting € = 1 implies that x(t) = v(t), and therefore y(t) = r(t) = }:rn(t).

n

The introduction of € is a mathematical artifice which helps to equate coef-

" on both sides of eqn. (2-31), thereby yielding Linear dif-

ficients of €
ferential equations (involving successively higher order outputs) with non-
linear inputs.

To solve for r1(t), the Linear system response, we equate coeffiqients

of s1 on both sides of egn. (2-31), thus yielding the following equation:

L1Cr1(t)3 = v(t) (2-32)

Similarly we equate coefficients of ez, c3, e‘, cs, and so on, on both sides

of ean. (2-31) to obtain the following equations:
R}

T T T e e

o

P g =




L1[r2(t)] + L [a2r1(t)] =0 (2-33)

3 = -
L1Cr3(t)] + L [?a2r1(t)r2(t) + a3r1(t)] =0 (2-34)

2 2
L1[r4(t)] + thaz(?r (t)r (t) + r(t)) + 33

1 > 1(t)r2(t)

+ a4r“(t)1 n (2-35)

LyErg(D] + Ll2a,r ()r (1) + ag (3r2(t)r ) +

1 3
F 3, (O rSE)) + ba, ro(r () + a_ro(t)] = 0 (2-36)
1, AR 571 :

To solve for the generalized transfer functions of eqn. (2-30), we take the

1-dimensional transform of eqn. (2-32) and obtain:

L1(s1)R1(s1) = V(s1) (2-37)

If v(t) = o(t), then V(s1) = 1, and therefore, according to eqn. (2-14), we

have

1
R1(S1) = H1(51) = w (2-38)
To solve for the second-order transfer functions, H2(s1,sz), we extend the
second term of egn. (2-33) to a two dimensional domain. Since the physical

system is not defined when t1 # t2 we can assume that the extension of eqn.

(2-33) holds for all t, and t2. Transforming via egn. (2-17) gives
12
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L1(S1‘.'52)R2(S1,32) + 32L2(51*52)R1(S1)R1(52) =0 (2-39)

Using (2-14) and (2-38) in egn. (2-39), we obtain

asz(s1+52)H1(s1)H1(sz)

R2(S1,52) = H2(51,52) = - L (S +s ) (2-100)
1°°1°°2
For Ry and higher terms we find that the order of variables tir ty, tg
seems 1important. Physically this should not be. We can symmetrize by
averaging. That is, we sum each of the nth order transfer function over all

permutations of its arguments and divide by the number of components in the

sum. We use an overbar to represent the symmetrized function.

L1(s1+52+53)R3(s1,52,s3) + L2(51+52)E232R1(s1)R2(52,s3)

+ a3R1(s1)R1(sz)R1(s3)] =0 (2-41)

Again, using egqns. (2-38), (2-40), and (2-14), we get

R3(s1,sz,s3) = H3(s1,52,s3) = - L2(51+52+s3)CZaZH1(51)H2(sz,s3)

+ 33H1(s1)H1(52)H1(s3)]/L1(s1+52+s3) (2-42)

In a similar manner, we can derive by inspection:

4
H,(S4,55,55,5,) = = 1.2(51 s.)lay(2H, (s Hz(s5,55,5,)

13
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1A 4
+a, 2 Hy (s /L, (): ;) (2-43)
i=1 i-1
and
5‘«
He(Sy,55,53,5,,5¢) = -Lz(i2=‘1 $;)[2a,H, (510, (s5,55,5,,5¢)

+ 3a3(H1(s1)H1(52)H3(53,54,35)
+ H1(51)H2(52,s3))H2(54,55)
5 5
+ 4a,H, (s OH (s, (\zmz(s[’,s )+ oag 2H (s /L (Es ) (2-44)

The use of symmetric transfer functions is not merely for notational
convenience, but is necessitated by the method we use for introducing the
parameters t1,t2,..., before taking the transforms. Consider a third order
term VB(t) formed as the product of a first order term v1(t) and a second
order vz(t). On the three dimensional (t1,t2,t3) we coultd write

(t1,t2,t3) as v1(t1)v2(t2,t‘), v1(t2)v2(t1,t3), or v1(t3)v2(t1,t2). The
first term has transform: V1(s1)v2(sz,s3); the second term has:
V1(52)V2(s’,s‘); and the third has transform: VilsgIVy(sy,s5) . When Vale,*)
is not symmetrical in its arguments, each transformed quantity above will
yield a different vatue. Thus, it becomes necessary to use symmetric
transfer functions wnen performing numerical computations to obtain the sys-~
tem response. It can be shown that the response is unchanged when sym-

metrized transfer functions are used. Since, in the final analysis we want

the vatue of v3(t1,t2,tx) only  when ty=t=tg, we may write
1h

/
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VoDV (1) = vy (tDvplta,ty) + va(tduylty,tg) + vyltdvalty,t)1.  This
does not change the contribution due to v1(t)v2(t) in the system response,
In the remaining part of this report we will assume the generalized transfer
functions to be symmetric in their arguments.

To conclude this sub-section, we summarize the approach for obtaining
the generalized transfer functions of a nonlinear system and also comment on
the important ramification of the method. By introducing a dummy variable
in the nonlinear differential equation characterizing the system, a set of

differential equations of the following form was obtained:
L[rn(t)] + f<£n-1(t)) =0, n=2,3,... (2-45)

where L is the linear system operator and f(*) is a nonlinear function of
rn_1(t), rn_z(t),...,r1(t). r1(t) is the first-order response, which is
simply the response of the Linear system. The relationship in eqn. (2-45)
is clearly a recursive one, and can be used to solve for rn(t) in terms of
F=1(, r 5(t), etc. This is done by first finding the n-dimensional
transform of f(r__,(t)) as discussed above. We then use the transform of
ean. (2-44) to solve for R (sy,...,s), the nth-order transfer function when
the 1input v(t) is an impulse. The transform of f(*) is done by inspection
with the help of the results of section (2-2). The n-dimensional transform
of LErn(t)J is shown to be L(s +sz+...+sn)Rn(s1,52,...,sn). With all this

1

information, egn. (2-45) is easily solved for the generalized transfer. func-

tions.

2-4. Multiple-Node, Multiple-Nonlinearity Circuit Analysis

Many analysis and design problems in circuits and systems involve one
or at most a few nonlinear elements in an otherwise linear time-invariant

circuit or system. When a single nonlinear element is present, the dif-

15

o) Kiadbiir dagiri.. &

i BRI+ -V 4. 1293 S RS

AT

e

s




ferential equation (2-23) and the material of section (2-2) will be adequate
for analyzing the nonlinear circuit. For, in such a case, the linear cir-
cuit can be characterized by a convolution kernel (via the Thevenin or Nor-
ton Theorems) to give the overall Volterra integral equation [14], which can
also be cast in a differential equation form, simitar to egn. (2-23).

However, when multiple nonlinear elements are imbedded in an otherwise
linear time-invariant circuit, the analysis entails the solution of a system
of nonlinear differential equations. The approach developed 1in section ’
(2-2) for the scalar case is still applicable, but must be extended to solve i
the system of nonlinear differential equations.

The number of equations to be solved depends on the number and the type
of nonlinear elements considered. whén only independent type nonlinear ele-
ments are considered, the number of equations is less than or egual to the
number of nonlinear elements (assuming that the output is across one of the
nonlinear elements; otherwise, an extra equation relating the nonlinear ele-
ment voltages (currents) and the output voltage (current) is needed to solve
for the output). The nonlinear differential equations in such a case is
again derived hy obtaining the Thevenin (Norton) equivalent circuit (for the
Linear part of the nontinear circuit) at each of the ports at which the non-
Linear elements are present. When dependent type nonlinear elements are
also allowed, the analysis becomes more complicated; for, in such a case,
the controlling wvariables, which may be across a linear element, must be
solved for and substituted in the differential equation for the nonlinear
element,

Previous works [7,10-121 for determining the generalized voltage ratio

transfer functions of Llumped nonlinear circuits have applied the harmonic

input method, to the nodal analysis. Our discussion in this section for
16




solving muttiple-node, multiple-nonlinearity circuits will be centered
around the application of multi-dimensional transforms to a cutset type
analysis. Thus, we will be solving for the generalized voltage ratio
transfer functions. As we proceed with our discussion, it will become ap-
parent that ‘a cutset analysis approach is the most natural way of solving
for the generalized voltage-ratio transfer functions. We now develop the
procedure.

The first step in the analysis is to represent each nonlinear element
by a polynomial expansion. Thus, in the distortion analysis of transistor

amplifiers [7], the exponential type controlled sources in the Ebers-Moll

model are first represented by a Taylor series expansion of the function
about the quiescent point, thereby yielding a polynomial in terms of the in- J
.
F' cremental variables. The types of nonlinear elements, and their series '

representation, that are commonly encountered are:

1. No memory, independent nonlinearity (Nonlinear Resistor)

i= z:a v3 (2=46)
5=1 i

2. No memory, dependent nonlinearity i

i =6,v) = Z-:ORZ: a]k“ s 3 =0 (2-47) .

¥

3. Capacitive, independent nonlinearity {
17




.. d < d .3 -
i = G afj§1ajv (2-48)

4. Inductive, independent nonlinearity

i= :‘itb(v)dt = _ijéajvidt (2-49)
where
i =z incremental current through the element
v = incremental controlling voltage
u = inéremental controtling voltage

The general procedure employed éo solve fo; the nonlinear transfer
functions of a single-input, single-output nonlinear circuit using the
cutset analysis approach is illustrated in Fig. 2-1 by considering each of
the four nonlinear element types mentioned above.

Consider the nonlinear circuit N, shown in Fig. 2-1(a), containing a
nonlinear resistor, a nonlinear dependent source, a nonlinear capacitor, and
a nonlinear inductor, where each nonlinear element 1is voltage controlled.
The procedure begins by identifying all the nonlinear elements, as shown in
Fig. 2~1(b). We note that the four nonlinear elements depend on six vol-
tages. The next step is to Lump the Linear parts of the nonlinear elements

with the existing linear network to form the augmented linear network. The

square, cubic, quartic, etc. terms of the nonlinearity are treated as non-
linear current sources, indicated by iC, meaning the nth order current
source at port k. Since the dependent source, g(VS'Vé)' depends on voltages

Vs and Vg, WE also extract these as ports. Thus, altogether we end up with

an 8-port linear network, as shown in Fig. 2-1(c).
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Figure 2-1, Steps in Nonlinear Circuit Analysis
using Volterra Series,
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The output variables to be found are the voltages at these eight ports.
The augmented Linear network is denoted by N' in Fig. 2-1(c). To solve for
the voltage vector v = Ev1 Vo Vz eee v8], we immediately recognize that the
branches across these voltage variables must be selected as part of the tree
£20]. Clearly, some of the other branches in the augmented Llinear network
may also appear as part of the tree. These will then appear as voltage
variables in the cutset equations for the augmented linear network. Since
there 1is no need for these additional variables, we can reduce the dimen-
sionality of our equations by a systematic elimination of these unwanted
variables. In the case under consideration, we should be left with only the
vector v = Ev1 V5 .- vgl as the unknown vector. Each of these 8 ports will
have a set of transfer functions of order 1 to n associated with it. Our
task here is to solve for these transfer functions.

At this point, we make the following general notational definitions:

-
FH:(S1,-- -,Sk)
Hi(s1,...,sk)
ﬂk(s1’52""'sk) =1, (2-50)

H:(S“,Sz,...,sk)

where

Ha = kth order nonlinear transfer function from the input to the jth port;

m = 8 in our example here.
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VO = DV () vy (t) ea v (017 (2-51)

where V; = voltage at the ith port

The cutset equations for the m-port nonlinear network can be written

as: i
l

Yy + FOW) + Gluy) + pAW + & o) =

-

[vy/z,(IC1 0 0 ... 01" (2-52)

where

ar g

he
i

differential operator, %?

it

!(p) z Reduced admittance matrix for the p-port augmented Linear network

vector composed of all nonlinear currents through the zero memory

,

~~
i<

A4
[

independent nonlinearity i

11

G(u,v) vector composed of all nonlinear currents through the zero memory

dependent nonlinearities

[~
~
<
~
"

vector composed of all nonlinear currents through the nonlinear

capacitive nonlinearities

©
~
<
~
1

187 vector composed of all nonlinear currents through the nonlinear 1

inductive elements. |

zg(p) z source impedance
Since the Linear parts of the functions F(*), G(*), Q(*), and ¢(*) in eaqn.

(2-46) through (2-49) have been lumped together with the linear part of the

network, the general form of these functions will be as follows:
22




(V) = Lo(v) + Zg(v) + Z,(v) + °°° (2-5%)

where

22(1) is a quadratic function of v
23(3) is a cubic function of v

24(¥) is a quartic function of v

2(*) being F(*), G(*), Q(*), or ¢(*). Thus, eagn. (2-53) can be re-written

as:

Yy = - Ip) . - i , k>2 (2-54)
9

where ik(t) denotes vectors of 2nd and higher order current sources due to
Fv), Glu,v), pQ(v), and %¢(¥). The mathematical artifice used in section
(2-2) could have been applied here also to obtain the form of all the non-
linear current source terms,{ik(t). For the sake of brevity, we will not
use that approach here, but simply use the results of section (2-2) to iden-
tify the different order current sources due to different nonlinearities.
These are summarized in Table 2-1, where vi(t) denotes the 1ith order

response voltage v(t), which control the nonlinear element characteristics.
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Table 2-1. Nonlinear Current Sources in multiple-node, multiple~nonlinearity

circuit analysis.

Nonlinear Resistor, F(v):

k = 2: aztv1]2
k = 3: 2a2[V1v2]+33[v1]3 j
k= 4r ayrav VA 213a,0y 130 1y i
Nonlinear Dependent Nonlinearity G(u,v): ¢
i
k = 2: a20[u1]2 + aoztv112 + a11u1v1 ;
1 ;
=31 agru1® ¢ a3 v ey e i e 2,0, N
2a02v1v2 + a11[u1v2 POV r
5
. 1.4 1.4 10,193 192¢,192 i
k = 4&: a40Eu ] + aOACV ] + a,3u Lv'] + azztu J5Cv'3] + é
a5, (2u1u3 s Wi o+ a11(L;3\/1 N N 302(2v1v3 + ‘
¥ ¢+ 32, 00000 ¢ 3ag rv 00 v ey, @B e 20T 1
a12(u2Ev1]2 + 2u1v1v2) {
Nonlinear Capacitive Nonlinearity pQ(v):
| k = 2: azp[v1')2 |
k = 3: 2a2pEv1v21+a3ptv133
1]4

k = &4: azp(2v1v3*CV2]2)*333D[V1]2V2+349CV
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Table 2-1 (contd.)

Nonlinear Inductive Nonlinearity, [1/pl¢(v)

a
k=2: 2rvhi2
p

2a a
k = 3: —pz—[v‘lvzl*-p—3-tv1]3

a 3a a
k = 4: -5—2-(2v1v3+Ev232)+—3}-[v1]2v2+—piEv1Jl’

I TS L e
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We observe that the nonlinear current source terms in Table 2-1 are
similar to the nonlinear terms whose transforms were derived in section 2-2,
except for the nonlinear dependent source terms, which are functions of two
controlling voltages u and v. The form of the transforms of the nonlinear
dependent source will, however, be similar to the other nonlinearity types.

These can again be written by inspection. Ffor example,

1 2 1 1
ay0fu' (DT° + ayqu' (£ U (ty) « ayy UCs,IUCs,y) (2-55)
Twovl Vaeov e U(s. IV (s) (2-56)
dqqu BV Agqu EPIVRTS) e ayy ULSyIVES,
a.ul (Vi) - T evE () o UCsIVC ) (2-57)
20" v a4 PV Rtosty) v anq ULS,IVES,, S

Recall the one way arrow goes backwards only when t1=t2=t3.

We also note that a k~th order current source term in Table 2-1 depends
on responses of order less than k, which implies that, in order to calculate
a transfer function of order k, we need to determine the transfer function
up to order (k-1).

The first order transfer function can be solved for easily. It is sim-

ply the linear circuit response. Therefore,
!(p)_\i(t) = 11(t) (2-58)

For a single input system, jq(t) = 1/zg [vq(t) 0 0 ... 01T, dhere vg(t)
is the source voltage. Taking the transform of egn. (2-58), and assuming

that the input source to be an impulse function, we get:

T

1 ; _ -1
V(s = HiGsp) = 17z [sp17 /01 0 0 ... 0]

where H,(s,) was defined in eqn. (2-50.
26
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The equation for obtaining the second-order response, as per eqn.

(2-54), is the following:
Yy P = - i, (2-60)

Since the input to the nonlinear circuit is assumed to be an impulse func-

tion, the transform of egn. (2-60), after using egn. (2-14), is:
!(s1+sz)ﬂz(s1,sz) = = 15(s4,s)) (2-61)

The elements of vector 12(51,52) can be obtained by performing a two-
dimensional transform on the terms associated with k = 2 in Table 2-1. This
operation, as indicated earlier, can be carried out by inspection. Thus, we

have

- -1 -
) = [!(s1+52)] ) (2-62)

Hy(sqrs, Lysys;

Likewise we can solve for 53(51,52,53). In general, we solve for the nth

order transfer function using egqn, (2-63):

Ho(Sq,50,000,8,) = r-l‘iési’lqln‘sv"-'sn’ (2-63)

We observe a striking similarity between eqn. (2-63) and the equations
for nodal or cutset analysis encountered in linear circuit analysis. A lit-
tle thought would show that the process of solving eqn. (2-63) is ddentical
to solving the Llinear circuit 1in Fig. 2-2. We have nonlinear current
sources as inputs to the augmented Linear circuit. A k-th order vector of
transfer functions is obtained by exciting the linear circuit by the kth
order current sources. Just as in the case of linear systems, superposition

can be applied here when a particular order response is determined from the
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lower order responses. That is, a k-th order response can be obtained by I
applying the k-th order current sources one-by-one at each of the ports ar

then summing up the responses. It is important to note, however, that the
complete responses of order up to (k-1) must be determined before we can ob-

tain the kth order response by superposition. It is also noted that the

et .

illustration of Fig. 2-2 1is for pedagogic purpose and that the nonlinear

current sources are not physically present in the circuit under considera-

oW

tion .
* |
‘L.:

!

2-5. Multiple Input Circuit Analysis |
Much of the foregoing discussion has been concerned with the analysis Qh

of nonlinear circuits with single inputs. However, many applications of h
practical significance is nonlinear circuit analysis have multiple 1inputs. &

For example, in a receiver system, the mixer circuit has two inputs: 1) the
message signal, and 2) the lLocal oscillator signal. The transmitter again
has nonlinear circuits with multiple inputs. The Volterra series method is '
especially well suited for the analysis of such circuits. In this section g‘

]
we discuss how the various order transfer functions change as a result of
multiple inputs.

From the discussion in section 2-4, it should be apparent that the

analysis of nonlinear circuits using the Volterra series method involves the

repeated analysis of a lLinearized circuit. The fundamental relationship had

the following form (see eqn. 2-54):

YRV = gy 3400 = Bp(0) - i5(0) + ... (2-64)
9

where i, (t) is the k-th current source vector. For k > 2 the k-th order

current source, depends on up to the (k-1) order voltage ratio transfer
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functions as discussed above. It is injected at each of the pots at which
the nonlinear elements are present, and is due entirely to the nonlinear
characteristics of the nonlinearity. Furthermore, it is proportional to the

k values of the circuit input multiplied together. Thus, the number of

elements in the vector lk(t), k > 2, remain unchanged when multiple 1inputs

are present; only the j4(t) vector is changed.
Consider, for example, the two-input circuit of Fig. 2-3(a). Then, to
solve for the first-order transfer function, we write the vector transform

equation as:

Y(s V(s> = 1,(s,) (2-65)

171897 T 2975,

where

I.(s,) = Ly (s
g1

WL (s.) (s.OV .(s,) 0 ... 01" (2-66)
1771 g g

1Vg1889) Yga(59Vga(sy

and Y and V are as defined previously. The transfer function vector can be

written as:

Hylsy) = Hyplsyd + H01(s1)
where
V(1)(s1) v(z’(s1) VP s ) T
Brotsr = |7V, v, T, |ngz
and
30
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V(1)(s1) V(2)(51) v(p)(s1) T
201(51) = v v e TV (2-69)
(14 gl gl V .=
gl
where V(i) is the voltage at port i.

The second- and higher-order transfer function vectors are solved for
by removing the given input sources and applying the fictitious nonlinear
current sources across the ports at which the nonlinear elements are
present. The vector transforﬁ equation for solving for the second-order

transfer function is still given by:

-1
Hy(s4,55) = =[Y(sy + s5)] E£2(51,52)] (2-70)
where
(&) (2 (p
Iy(sq,55) = [0 (84,550 I °7(s4,85) .uu TP (sq,55)] (2-71)
Depending on the nonlinearity type, the general form of I<£)(s1,52), the

second-order current source across port 2, will be:

(1)

)
> (s

_ (§'3) -
1 (51'52) = ayH, (51)H1 2) (2-72)

where H:l)(') is known from egn. (2-67). The determination of the higher-

order transfer functions is done similarly.

In summary, we nbte that the presence of multiple input sources in a
nonlinear circuit does not drastically alter the procedure for determining
the Volterra transfer functions. Only the structure of the first-order
current source vector 1is changed as a result of multiple sources. This
change is reflected in the values of the elements making up the second- and

higher-order current source vectors, whose structure remains unchanged.
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2-6. Sinusoidal Steady-State Analysis

In linear system theory, the sinusoidal steady-state response is inti-
mately tied to the transfer function of the system. A similar result is
found for higher order responses using the Volterra series method: an n-th
order response at a particular frequency is directly related to the n-th
order transfer function. 1In this section we develop this relationship,

If the harmonic input method [10-121 had been used in deriving the gen-
eralized transfer functions 1in the previous sections, the relationship
between the n-th order steady state response and the n-th order transfer
function would have been self-evident. But, since multi-dimensional
transform theory was used to derive the generalized transfer functions, this
relationship must be developed. We treat the specific case of n=2 in sec-

tion 2-6.1 and then derive the general relationship in section 2-6.2.

2-6.1. Second-order Sinusoidal response:

The second-order output, according to the Volterra series, is given by:
¥, (t) =j;£ ho (t=1q,t=12)x(14)x(13)dT4d 1, (2-73)

Consider the input signal comprising two unit sinusoidal signals at frequen=-

cies v and Wy The input x(1) is therefore:

expljw_ D+exp(~juw_ 1) exp(jw, 1) +exp(=ju, 1)
x(1) = 2 2+ b 5 b ] (2-74)

Substituting egn. (2-74) in (2-73), we have:
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yZ(t) =%j; hz(t-Tn,,t-Tz) M

[exp(jwar1)+exp("jwa'r1) exp(jwbr1 )+exp("jwb'r1 )]
+
2 2

[exp(jwa12)+exp(-jwarz) exp(jwbrz)i-exp(-jwbrz)]
. +
2 2

* dT1d72 2-75)

Considering one cross term only,
- 1 . .
.é.g hz(t—r1,t-12) z-EXD(JwaT1+3wb12)dT1drz (2-76)

and Lletting oy = t-1, and oy = t-rz and carrying out the integration yields,
1 . . .
Z HZ(Jma,]wb)expE](wa+wb)t] 2-77)
Considering the other cross term similarly yields
1 . . .
Z-HZ(Jwb,Jwa)exp[J(ma+wb)t] 2-78)

However, if H2(s1,52) is symmetrical in its arguments, as they are assumed
to be in this report, then the terms in egns. (2-77) and (2-78) are equal.
The complex conjugate terms appear similarly. Hence, the output at frequen-

Cy w_+ is:
y a wb 1s

y(t)’ma*wb = fHZ(jwa,jwb)‘COSC(wa'fmb)t + 6a+b] (2-79)
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The Zwa or Zmb term and their complex conjugates appear only once 1in eqn.
. . . . 1 . . 1 . .
(2-75); hence, their magnitude will be 2JH2(]wa,Jma)| and ?‘HZ(]wb']“b)"
respectively. If only one freguency input was present, the results would be

similar. The second-order output would then be:

‘ _ |H2(jwa,jwa)|
yot) = {H;Gug,-ju )]+ 5 cos(ZwaﬁeZa) (2-80)

Thus, if we know H,(s,,s5), then the quantities in ean. (2-80) can be easily

evaluated. This is analogous to the case of linear systems, where the com-

plex variable s is replaced by jw to compute the response at w.

If more than two~tones were present at the input, the second order
response would be evaluated by taking all combinations of two frequencies at
a time.

The response of the third and higher orders is similarly treated. We

now present the general case.

2-6.2. General Sinusoidal Steady-State Analysis.

In this sub-section, we develop the relationship which can be apptlied
directly to compute the sinusoidat steady-state response of a nonlinear sys-
tem from its nonlinear transfer functions, which can be obtained by the
method presented in section 2. The discussion here relies heavily on [10].

Consider a nonlinear system excited by the sum of X distinct tones;

i.e., defining N = 2K, we have,
1 N
x(t) = = i};’ Ay exp(iugt) 2-81

where e will include both positive and negative frequencies, and Ai for a

negative frequency will be the complex conjugate of Ai for the positive fre-
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quency in order to have x{(t) real. Then, the nth order output, Yalt), s

given by:
n
y,(t) = !E;;ld hltqreearty) iEL x(t=T.)dr,
1 n N
=fefh Gty 7 I L, Aereling (ot (2-82)

Carrying out the product operation in egqn. (2-82), we get a function yn(t)

containing N" terms, given by:

N N
1
y (t) = ¥ Y — A eceA H (Gup yeeesjup )
n ky=1 kTy2n kg Tkt Rkt
n
* expliuw, +,...+w, )t] (2-83)
K,y K,

Notice that in arriving at eqn. (2-83), we have performed the P integration
in eqn. (2-82), thus giving rise to the n-th order transfer function in eqn.
(2-83). As the indices ki are varied over the range 1 to N, many of the
terms will be at the same frequency. The number of terms at various partic-
ular frequencies will vary according to what frequency combinations are tak-
en. For example, in the case of n=2 in section 2-6.1, there were two cross
frequency terms, while there was only one second harmonic (at Zwa) term.
Similarly, for n=3, there are six terms in egn. (2-83) at frequency
w taptw., three terms at 2ma+mb, one term at 3wa, etc. The nonlinear
transfer functions, which make up the coefficients of these frequency terms,
differ only in their arguments. However, since the transfer functions are

assumed to be symmetric, the coefficient of the output at frequency wa#wb*wc
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(in the case of n=3) can be multiplied by 6. This obviates the need for
taking all combinations to compute the output at wotw b, . Likewise we han-
dle the case of other frequency combinations. With this insight, we can
peek at the problem from a different perspective.

Let M Mspece, My be non-negative integers. Then, the number of terms
at frequency Wy = Mywgtmouste .. tmyuy is equal to the number of ways of form-
ing Mywgtesotmyoy. In the n-th order output spectrum to a multi-tone input,
each term is evaluated by taking a distinct combination of n input tones at
a time. To compute the n-th order output when the input frequencies are
Dy rWapeee, 0y, We must therefore restrict m. in the following manner to com-
pute w

Z:

m, + my + *** +m_ =n (2-84)

Now the problem reduces to the following: find the number of ways in which n
objects can be divided into N groups of which the first contains m, objects,
the second m, objects, etc. The solution to this problem is given by the

multi-nomial coefficient [22]:

_ n! -

Cn,N - My tmye.amy! (2-8)

By deriving egn. (2-85), we have obviated the repetition of terms that is

inherent in egn. (2-83). An equivalent way of representing egn. (2-83)

through the use of egn. (2-85) then becomes:
My m m
1,72,0.4 N

Ay Ao Tty

y (1) = X2 ¢
n n.N n,N

’

2”
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. Hn(jw1,...,jw2,... emay jQ)N'---)
m1t1mes m2t1mes mNX

. exptj(m1w1 + ... + mNmN)t] (2~-86)

Since yn(t) is real, egn. (2-86) also contains the complex conjugate terms.
Thus, the coefficient of the sinusoidal term at frequency Mywgtewatmyoy in

the n-th order output is given by:

m, m m
1,2 N
A A2 ...AN

cn,N 2n-1

Hn(jw1,...,jwz,...,...,ij,..., ) (2-87)
m. . times

m1t1mes m2t1mes N
In computing the entire n-th order response in egn. (2-86), we take all dis-
tinguishable combinations of m. satisfying eq. 82-84). According to [10]

there are

n+N-1
- _ (neN-1! _
sn,N = ( n ) = NECE DR (2-88)

such combinations.

Equation (2-864) is the fundamental relationship between the n-th order
output and the n-th order transfer function. At first glance, the evalua-
tion of this equation appears to be a formidable task. But, after some
thought, one finds that this is not such a difficult task after all. We,
however, defer the discussion of this till section 4,

We now illustrate the use of egqn. (2-87). We assume that the nonlinear
transfer functions are known. The case for n=2 can be easily verified from
the discussion in section 2-6.1., For a two-tone input at Wy and wsy and n=3,

we have the following cases:
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(a) The output at w, and w, have the following amplitudes, respectively:

x!IAZIZA1
Yg(t)lﬂ1 = T |H3(]u1’—]m2,]m2)| (2~-89)
2
30AL04, |
ys(t) lm2 = W‘TF IH,‘(jm1,-’j(u1,jxu2)’ 2-90

(b) The output at Zw,+,, has the following magnitude:

3A

RS

(== NI

LA PO

A5
e T

T Mg Gagsdogsioy)] (2-91)

rd

(¢c) The output at 3w1 has the ftollowing magnitude:

3!(A1)S
YTS(t”Su1 = W— H3(jw1,j!u1,jm1)'| (2-92)

The other combinations can be carried out similarly. For the above cases we
make the following ohservations: hoth eqns. (2-89) and (2-90) are similar to
obtaining the output at s ot and therefore we see a 3! (=6) multiplica-
tion factor*, which accounts for the six combinations at watwpta that were
mentioned earlier; egn. (2-91) is similar to obtaining the output at 2wa+mb,
and therefore has a multiplication factor of (31/2') = 3, which again is in
accordance with our earlier discussion; egn. (2-92) is like evaluating the
output at 3ma, and hence has a multiolication factor of (3!/3!) = 1,

In section (2=5), we dealt with the ana.ysis of multiple input non-

linear circuits. In ohtaining the sinuscidal steady-state response of such

*The constant factor 4 in the denominator appears consistently in all
the output terms, and is therefore not regarded as a variable multipli-
cation factor here. This factnr appears due to the way x(t) was ex-

ressed in eqn. (2-81),
° ; L0




circuits the material of this section is still applicable. However, care !
must be taken in keeping track of the various input frequencies, and their .

associated transfer functions, when such an analysis is warranted. |




CHAPTER 3

COMPUTER~AIDED ANALYSIS USING VOLTERRA SERIES

3-1. Introduction

The adapting of Volterra series method in a general simulation program
has been regardea as difficult by various authors [301. As such, virtually
no effurt has been spent on investigating the computational aspect of this
method, Most revinus works, such as [73, have endeavored to check the
vatidity of this approach by applying it to specific circuit problems wusing
a computer,

The onty maior effort in using the Volterra series for general non-
{inear circuit analysis has been the development of the program NCAP
[10,261. A cursory review of this program reveals the inherent inetficiency
in the computatinnal approach with regards to storage and types of algo-
rithms used. This inefficiency notwithstanding, there are severe Limitation
regarding the usetulness of the vrogram: first, the program merely computes
the numericitl values of the ncnlinear transfer function at the wvarious
program-prescribed combinations of the input frequencies, and does not com-
pute all the transfer function values which are required to compute the com-
plete output spectrum. Thus, NCAP does not yield the entire output spectrum
information., Second, to compute up to an n-th order transfer function, the
user must specify n inputl ‘reaquencres, which are assumed to be a sum of ex-
pcnentials and nat real sinusnids. The program, therefore, is severely Llim-
ited in its usefulness from the paoint of view of a user who may only be in-
terested in obtaining the output spectrum - say, for example, up to the

third arder respange to *wo sinpsoidal inputs - and has Little use for the
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numerical values of the transfer functions at the program prescribed fre-
quencies.

In this section we lLook at the computational aspect of the Volterra
series method for general simulation purposes and then present the basic al-
gorithms for adapting this method for the spectrum and distortion analysis
of nonlinear circuits with polynomial type nonlinearities.

In section 3-2, we present a brief overview of symbolic analysis in
linear circuits, and then describe the reason why a symbolic approach is
particularly useful in adapting Volterra series for general simulation.
Section 3-3 deals with the implementation of the symbolic approach, and also
contrasts the computational effort between a numerical approach and the par-
ticular symbolic approach used here. The algorithm for obtaining the com-~
plete output spectrum and the various distortion indices 1is described in
section 3-4. A description of the computer implementation of these algo-

rithms is given in section 3-5.

3-2. Why a Symbolic Analysis Approach.

The symbolic analysis of circuits involves the computation of the a,

and bi for network functions in the form

F(s) = -1
D(s) ) bi o
when all circuit elements are known. The more general form
N(S:Xapaea,X )
Vvt (3-2)

F(S;’(V"Z'”"xn) = D(s;x1,...,xn)
applies when some elements of the circuit x; are kept as symbols. The ad-

vantages of symbolic analysis have been recognized previously [25,27]. One
b3




particular advantage, and the one which is relevant to our problem here, is
that the numerical evaluation of a function at discrete points is much
easier and faster once the symbolic function is obtained than working re-
peatedly with a circuit analysis program. With this brief overview of sym-
bolic analysis, we now proceed to answer the question: Why use a symbolic
ana ysis approach for adapting the Volterra series method for general cir-
cuit analysis?

As pointed out in the previous sections, a nonlinear <c¢ircuit is com-
pletely characterized by its Volterra kernels, or their transforms - the
generalized transfer functions., These transfer functions are then directly
related to the various order sinusoidal steady-state responses, as described
in ChapterVZ. The n-th order transfer function is determined from the fol-

lowing equation (see Chapter 2):
2“(51,...,sn) (3-3)

where Y( _E% s is the reduced node admittance matrix evaluated as Sq *+ sy
i=

+ ... # $,, and 1. is the n-th order current source vector due to the non-

linear elements. To compute the output spectrum, we evaluate Hn at the

various and many frequency combinations. From egn. (3-3) it should be clear

that such an evaluation will entail the inversion of the reduced node admit-

tance matrix at each of these frequency combinations. Using combinatorial

analysis, it has been shown [22] that for an input consisting of M sine

waves, the number of inversions involved in an n-th order response, given by

N is:
n,me 18%

Ly
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N = (3-4)

Thus, for a 3-tone input and up to a third order analysis, the number of
inversions is approximately 285. For higher order responses, this number
grows very rapidly.

Two basic approaches available for handling this inversion process are:
Y. Numerical approach, or 2. Symbolic approach. The advantage of evaluat-
ing symbolic transfer functions mentioned earlier makes the symbolic ap-
proach more attractive. How much advantage is gained in using a symbolic
analysis depends on how much computational effort is expended in obtaining
the symbolic inverse of the reduced node admittance matrix. Thus, an effi-
cient scheme for obtaining the symbolic inverse must be used to efficiently
adapt the Volterra series method for computer aided analysis. The determi-
nation of the symbolic inverse will be the subject of section 3-3.

The reasons presented above stem from looking at the computational as-
pect of adapting Volterra series for computer-aided analysis. There are
other advantages gained from using a symbolic analysis. An important one is
that the generalized transfer functions can be obtained as functions of S,
once the inverse of the reduced node admittance matrix is obtained as a sym-
bolic function of s. This can be seen from examining egn. (3=-3). The for-
mation of the n-th order current source vector is a bootstrapping operation,
as was pointed out in Chapter 2. That is, an n-th order source is fo 'med
from transfer functions of order less than n. The first-order transfer
function vector is determined from a column”™ of the symbolic inverse of the

reduced node admittance matrix. The second order current sources, which

*This is assuming a single input circuit.
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depend on the elements of the first order transfer function wvector, are
therefore formed from this column of [Y(s)]-1. The second-order transfer
function vector is obtained by pre-multiplying the second-order current

source vector by [Y(s +52)]-1, according to which the second-order transfer

1
function vector eventually depends on the entries of inverse of the node ad-
mittance matrix evaluated at (s1+52). The third- and higher-order transfer
functions have a similar dependence. Thus, an inverse of the reduced node
admittance matrix in symbolic form, with s retained as a symbol, also yields
a functional description of the nonlinear transfer functions. A concomitant
advantage of this functional description 1is that theorems from multi-
dimensionalt theory [5] (such as initial value, final value, etc.) can then
be used to gain more insight into the workings of the circuit.

237 has developed recursive relationships to estimate the error in-

curred in the truncation of the series solution. This error was directly

norm of the Linear kernel function, which, in turn, is re-

related to the L1

lated to the poles and residues of the linearized system. Thus, we can get
an estimate of the accuracy of our solution through the pole-residue infor-

mation provided to us by the symbolic analysis.

3-3, Symbolic Analysis Method

Symbolic circuittanatysis by digital computer has been of considerable
interest in:the past decade. Many algorithms and methods have been derived
to obtain symbolic transfer functions of Llinear circuits [20]. Most of
these methods use tree enumeration 261, signal-flow graphs (201, or purely
numerical methods M27] to obtain symbolic transfer function between the in-
put and the output. These approaches are basically useful for single-input,
single~output systems. The inversion of the reduced node admittance matrix

to obtain the open-circuit impedance matrix, which is the problem we are

L6




dealing with, is basically a multi-input, multi-output problem. The methods
mentioned above can be adapted for solving the problem at hand; however, the
generation of multiple symbolic functions using these approaches many not be
satisfactory because of excessive computer time requirements. Some other
approach is definitely warranted.

Published methods [16-181 for inverting the nodal admittance matrix
when the elements are rational functions of the Laplace transform variable s
use pivotal techniques. It may appear that, since it is easy to program a
computer to perform polynomial arithmetic, these pivotal-techniques are a
natural way to approach the symbolic inversion problem. Results from the
use of such a technique have proved to be disappointing, mainly due to the
following reasons:
(a) The process of inversion transforms the nodal admittance matrix, which
contains terms of the form as + % + c, into a matrix in which every element
is a rational function of s. The pivotal technique produces the inverse ma-
trix where common factors appear between numerator and denominator, and un-
Less some mechanism is built into the process whereby these common factors
are recognized and removed, the elements produced will have polynomials of
excessively high order.
(b) When the circuit complexity is high, the evaluation of the symbolic
function at high frequency values can give rise to numerical problems. For
example, a circuit with 8 poles will have an 58 term in the characteristic
polynomial. Wwhen evaluated at 10 Mrad/sec, this term produces a number
equal to 1056. Of course, this problem can be alleviated by obtaining a
partial fraction expansion (PFE) form for the transfer functions. But this

again entails additional computations - not to mention the numerical insta-

bility problems involved in root finding.
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(c) It has also been found that pivotal technigques become numerically un-
stable for higher order circuits.

We therefore seek another alternative for obtaining the symbolic form
of the open circuit impedance matrix.

An approach based on the state variable formulation can be used to
achieve this goal. Specifically, consider the general p-port augmented
linear circuit of Fig. 3-1(a). We wish to solve for the transfer im-
pedances, z..(s), i,j = 1,2,...,p, from the j-th port to the i-th port.

1)

Knowing these transfer impedances, we can write for the p-port:

1

V() = Z(s)I(s) = [Y(s)T ' I(s) (3-5)
where Vs = LV () Vy(s) Lo v ()] (3-6)
2(s) = [z;:()] 3-7
and I(s) = CI1(s) I5(s) ... Ip(s)] (3-8)

Note that the vector V(s) contains entries which are the output voltages and
voltages that control the nonlinear element characteristics in the nonlinear
circuit.

To obtain Z(s) symbolically, we write for the network of Fig. 3-1(b),

the following state equations:

x = Ax + Bi (3-9)

v = Cx + Di (3-10)

—~—— e

where x is the vector of state variables, and v and i are vectors whose
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transforms appear in eqns. (3-6) and (3-8), respectively. Taking the La-

place transform of egn. (3-9) and (3-10), and solving for V(s), we get:

VEs) = [C(sI-m) 71 B + D1 1(s) 3-11)

and, therefore, we get Z(s) to be

() = [C(sI- 7' B + D] (3-12)

which is identically the inverse of the reduced node admittance matrix.

The matrix (sI-A) can be inverted by applying the similarity transfor-

mation as follows:

Q

or (sI-A)" = M(sI-p) " M (3-13)

1, ...} where

where the inverse of (sI - A) is simply diag {(s-x1)—1,(s-kz)-
Ai are the eigenvalues* of the A matrix and M is the modal matrix. Substi-

tuting egn. (3-13) into egn. (3-12), we get,

eMcsI-n" M7 8 + pI

i

{(s)

1

(€¢s1-07" B + 03 (3-14)

% M and 3 4 Q’1§. Equation (3-14) yields the entries of 2(s) in

~ o~

¢

where

partial fraction expansion form, which, as mentioned previously, i< a more

desirable form from a computational standpoint. ALl information about E(s)

*Here we assum~ distinct eigenvalues; the repeated eigenvalues can be
handled similarly.
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is contained in the matrices §, é, D and a vector containing the eigen-
values. An algorithm for implementing this approach is given in Fig. 3-2.
It should be noted that the approach used here is completely numerical and
does not involve any coding and decoding of symbols.

Now that an algorithm for obtaining the symbolic Z(s) 1is defined, we
can make a comparison of the computational effort involved between using a
symbolic inverse and the numerical inverse of the node admittance matrix at
each frequency point.

The computational trade-off between the symbolic approach and a numeri-
cal approach for matrix inversion 1is very problem dependent. While a
clear-cut winner cannot be established, a tentative answer can be obtained
by noting the operations count, defined in terms of multiplications and ad-
ditions, involved in the two schemes.

In the case of the numerical approach, the number of independent nodes,
n, and the number of branches, b, are the most important quantities for
determining the computational effort along with the number of frequency
points at which the output is desired. Assuming that no sparse matrix tech-

3/3)

niques are used, the numerical inversion of an (nxn) matrix requires O(n
units of work, ugere 0C ) = "order of", and 1 unit of work = one addition
and one multiplication. For k frequency points, the work becomes 0(kn3/3).
This does not involve book-keeping and other pre- and post-processing steps
such as pivoting and iterative refinement, which are wusually necessary to
insure reliability and robustness of the algorithm.

In the case of symbolic inversion using our approach, the important
parameters in the computational effort are the dynamic degrees of freedom,

d, and the number of ports, p, where voltages and currents are injected or

measured, Using the QR algorithm [20,28) for computing the eigenvalues of
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the A matrix, the operation count is U'Sdg). The total work required for

obtaining the inverse at k frequency points is therefore ','J(."sd.S + kdp2

). The
number, p, depends on the number of nonlinearities in the <circuit, and is
usually small. Also, if the network complexity is less than the number of
nodes, the symbolic approach would, in generat, require Lless comoputational
effort. As far as accuracy 1is concerned, both the QR algorithm and the
Crout's algorithm with pivoting and iterative refinement yield accurate
results.

The efficiency of the symbolic method rests heavily upon the availabil-
ity on an efficient process for forming the state equations. The hyhrid

analysis method [19,201, which essentially reduces to the analysis of a

resistive network, is well-suited for our purposes here.

3-4. Spectrum and Distortion Analysis Algorithm

The output spectrum and distortion indices for a nonlinear circuit with
polynomial type nonlinearities can be computed on the basis of the material
of Chapters 3 and 4. A flow-chart of the basic algorithm for such a compu-
tation 1is given in Fig. 3-3. We describe the steps involved in the follow-
ing paragraphs:

Step 1: For the given nonlinear circuit, determine the dc operating point.
Expand each nonlinear function into a Taylor series about the operating
point to get a polynomial representation for the nonltinear element in terms
of the incremental quantities. Thus, for example, a forward-biased Adiode

having the "global'" V-I representation
I = Isrexp(qV/nkT) -1 (3-15)

can be expanded into a Taylor series to yield the followina incremental wv-i

represvntation:
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I 1
. 0 2 .2 0 3.3
Pelgapy vty GRSVt P Ve (3-16)

where 10 is the dc operating current.

Step g: Lump the linear part of the nonlinear elements with the existing
linear network to form the augmented linear network. Extract as ports the
nonlinear element branches and the branches that control the nonlinear ele-
ment characteristics (dependent nonlinear element case), along with the out-
put and source branches, from the augmented Linear network. Let

v=1[>D, v, ... Vp] and I = [1, I, ... Ip] denote the vector of voltages and

currents for these ports, respectively.
Step 3: Using a symbolic analysis algorithm (see Fig. 3.2), obtain the en-

tries of the Z matrix as a function of s, where

V(s) = Z(s) I(s) 3-17)

For each of the input sources, and their associated frequency tones, compute

the first-order output voltages at each of the extracted ports by using the i’

'
appropriate entries of the Z matrix. This step amounts to letting s = jwi '
in zij(S)' the entries of Z(s).

Step 4: The second-order output spectrum is evaluated using the following

!
|
relationship: k
i
Vz(s1,sz) = Z(s1+sz) I5(sq,s5) (3-1%8)

The vector I,(s;,s5) is the second-order current source vector, which is

formed by using the coefficients associated with the quadratic term of the
nonlinear element and the first-order output at the controlling port(s) of
the nonlinearity. The latter information was obtained in step 3. The given

input tones are taken two at a time in egn. (3-18), along with the informa-
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4

tion derived in Chapter 2, to evaluate the output voltages at each of the
p-ports.

The third-order output spectrum is obtained in exactly the same manner.
The first- and second-order outputs are used to form the third-order current
source at each combination frequency, which 1is then pre-multiplied by
evaluating E(s) at the combination freguency.
Step 5: Perform a histogram analysis of all frequency points and combine the

responses at points which are repeated. The distortion indices are computed

using:

Vg (2u) |
HD, = T (3-19)
2 7 Vglup]

Vg Buw:) |

0~ (3-20)

HD, = w5

where HD2 and HD3 denote the second and third order harmonic distortion in-

dices.

3-5. Program PRANC.

The Program for Analysing Nonlinear Circuits, known as PRANC, is a di-
gital computer program, written in FORTRAN IV, that computes up to the
third-order complete output spectrum of a nonlinear circuit with polynomial
nontinearities driven by up to two multi-frequency inputs.* In the process
it computes the Volterra transfer functicns at each of the frequency combi-
nations involved.

As mentioned previously, the solution of the nonlinear circuit problem

reduces to the repeated solution of the linear circuit. To efficiently han-

*Thus, mixer-type circuits can be analyzed using PRANC.
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dle this basic problem, PRANC uses a semi-symbolic approach [20]1 for analys-
ing the augmented linear circuit. Specifically, the inverse of the reduced
node admittance matrix is obtained in terms of the symbol s using the state
equation formulation as described above.

The state equations for the linear circuit are formulated via the Hy-
brid analysis method (19,20]). If T denotes port branches in the tree [20]
and C denotes port branches in the co-tree of a linear circuit, then the Hy-

brid analysis yields the following relationship:

. )
Hyp Hyp Hez Hegl iy
Hyq Hap Haz Houl |ve

=0 (3-21)
Hzq M3y Hizz Hy,f |vg

Her Hap Haz Hag| |

H

IN

By suitably forcing the various ports in the Linear circuit into the tree
and co-tree branches, PRANC uses the (3-21) formulation for setting up the
state equations. ALl capacitor branches are extracted as ports which neces-
sarily become part of the tree and all inductors, nonlinear element branches
(which are assumed to be voltage controlled), and input and output branches,
are extracted as ports which are forced as part of the co-tree. The matrix
H is obtained in a form where ﬂ11 =1 (1 being the identity matrix),
ﬂ12 =Hy = 0, Hyy = 1. This yields the capacitor currents and the inductor
and nonlinear element branch voltages in terms of known variables. Thus,
the A, B, C, and D matrices in the state and output equations (see egns. 3-9
through 3-12) are obtained from the submatrices of H, The formulation of

egn. (3-21) 1is quite fast, since it only involves the analysis of a resis-

tive network.
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It is noted that the matrix H may not exist in idealized circuits,
However, for most practical circuit this matrix is almost certain to exist
[201. It should also be noted that the above formulation of state equations
tacitly assumes that no degenerate cutsets (all inductor-current source
cutset) or degenerate loops (all capacitor-voltage source loop) are present
in the Llinearized circuit. These restrictions are not very severe, espe-
cially when the realistic lossy models of circuit components are taken into
account.

The next step in the PRANC algorithm is to determine the eigenvalues
and the eigenvectors of the A matrix. For this purpose, the double QR algo-
rithm C28) for obtaining the eigenvalues is employed. The basic steps, such
as matrix balancing, reduction to Hessenberg form, shift of origin, are in-
cluded in this algorithm to make it efficient and reliable. The eigenvec-
tors are also obtained in the process.

ALl information about the inverse of the reduced node admittance matrix
is stored as three matrices and a vector. The matrices are 6, E, and D (see
egns. 3-14), and the vector contains the eigenvalues. It is noted that the
solution of eigenvectors for repeated eigenvalues can be a numerical un-
stable process [291. Thus, the programs outputs a diagnostic message when
such a case occurs.

The first-order voltage response at the prescribed ports is now comput-
ed from the entries of the open-circuit impedance matrix. These ports in-
clude: source port, output ports, norlinear element ports, and ports which
control the nonlinear element characteristics. The response is calculated
for each user prescribed frequency, and stored as a two-dimensional array:

port number vs. the frequency numher.
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The second-order voltage response is computed at each distinct combina-
tion of the input tones taken two at a time. The ports of interest are the
same as that for the first-order response. The second-order current source
vector, at a particular frequency combination, is formed by considering the
nonlinear element type and the voltage(s) controlling it, which 1is deter-
mined from the first order response array. This vector is pre-multiplied by
the open=-circuit impedance matrix evaluated at the combination frequency to
obtain the second-order transfer function vector at that frequency. The
response voltage at this frequency is then determined from the transfer
function value. The second-order transfer function values are again stored
as a two-dimensional array: port number and the particular frequency combi-
nation,

The third-order response 1is determined similarly. The third-order
current source vector is formed by properly picking out the values of the
first- and second-order transfer func.ions. The indexing of the arrays is
of critical importance to the efficient implementation of this scheme.

Since the hybrid analysis forms the basis for forming the open c¢ircuit
impedance matrix, the following Linear elements are allowed by the program*:
resistors, capacitors, inductors, voltage or current sources, and all four
types of controlled sources. The nonlinear elements are assumed to be vol-

tage controlled, with the following polynomial descriptions:

o 2 3 -
i = agflv1 + ayflvil + agflv]) (3-22)

*A direct nodal analysis would only allow for voltage controlled current
source.
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p = 210Vq * 301V * 220Vg T 02V t

3 3 2 2
319VaVe * 330Vq * 03Vt 32vQVre T 3qveYr (3-23)

where in and Vv, are currents and voltages across branch n, f 1is a Llinear
t
operator of the type %?, j', or constant, and aij are constants. It should

be noted that egn. (3-23) models a 3-port device.
In the present version, PRANC imposes the following restrictions on the
circuit parameters: maximum number of elements (both Linear and nonlinear)

= A); maximum number of nonlinear elements = 10; maximum number of dependent

nonlinear elements (eqn. 3=23) = 5; maximum number of reactive elements

"

20; maximum number of independent nodes = 30; number of input frequencies

"

5. These restrictions can be relaxed if desired. The modular structure and
algorithms of PRANC makes it possible to extend the order of analysis in a
straightforward manner. The Limit on the highest order will eventually be
dictated by the storage restrictions of the computer.

The validity of the results obtained from using PRANC has been verified
through hand-worked examples and with the results obtained from using NCAP
C24]. In Chapter 4 we present examples showing the results obtained from

the use of PRANC.
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CHAPTER 4

USER'S GUIDE FOR PRANC

4-1. Introduction

Based upon the theory of Chapter 2 and the algorithms of Chapter 3,
| PRANC (Program for Analyzing Nonlinear Circuits), a digital computer pro-
gram, has been developed for the sinusoidal steady state analysis of cir-
cuits with multiple nonlinear elements and multiple multi-frequency input

sources. The complete Listing of the program is contained in Chapter S.
The usefulness of PRANC is not restricted only to users who are well-
versed in the Volterra series method; users with a basic knowledge of the

significance of sinusoidal steady state analysis, eigenvaltues (poles) of a

Linear system, and other related circuit analysis concepts can easily use
the program, and understand the information provided by it. By suitably
translating the <circuit analysis problem 1into a prescribed sequence of
well-defined statements — to be presented in this chapter - any user can use
PRANC as an analysis tool.

To methodically and effectively use PRANC, the user is recommended to
follow a three~step process:
1. Preliminary Data Preparation
2. Translation of Data for Analysis
3. Interpretation of Analysis' results.
The contents of this Chapter are organized on the basis of these steps.

In section 4-2, the considerations entailed 1in the preliminary data
preparation are presented. The allowed elements, the user available op-
tions, and the program restrictions in terms of the <circuit size and

features are discussed.
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Section 4-3 presents the sequence of input cards (irput data

to the

program) for PRANC. The formats for each card in the sequence is described.

The interpretation of the program output is the subject of section 4-

nally, several exampies are presented in section 4-5 to illustrate

of PRANC.

4-2. Preliminary Data Preparation

4-2.1 Allowable Element Types: The first step in any circuit analysis

lem is the drawing of its complete circuit model. This diagram sho

clude all elements which can be identified by PRANC.

4. Fi-

the use

prob-

uld in-

The present version of PRANC is capable of identifying the following

element types, whrich are depicted in Fig. 4-1:

* Independent voltage source

* Linear Components: Resistor, Inductor, and Capacitor

* Linear Dependent Sources: Voltage-controlled Voltage
Current-Controlled Current-Source, Voltage-controlled current-

and Current-controlled voltage-source.

* Nonlinear Components: Resistor, Inductor, and Capacitor

* Nonlinear Dependent Source: Voltage-controlled current-source.

* Bipolar Junction Transistor

The polarity convention assumed by PRANC is shown in Fig. 4-1. The

source,

source,

current

voltage relationships for Llinear elements are well-known. The nonlinear

elements are assumed to be represented in the form of polynomials of

voltage(s). Thus, PRANC handles nonlinear elements expressed as:
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AL A S s

{ iy = a0Vl + ayf0v?d + agfry’d 4=1)
or
] = a + + 2 + a 2 + a
NL 10vY 7 0y T AoV oY 1qVy
3 2 2 _
+ 330v + aOSU + a21v u + a12vu (4-2)

voltages, and i
noted that egn. (4-1) is adequate to model a

linear inductor, or a nonlinear resistor, and

model a 3-port or a 2-port voltage controlled
The representation of a nonlinear device

covered in several papers and reports [7,10].

dix A,

given

where f is an operator of the form jc %F’ or a constant, u and v are branch

NL is the current across the nonlinear element. It should be

nonlinear capacitor, a non-
that eqn. (4-2) is suitable to
nonlinear dependent source.

in terms of a polynomial s

An example of the development

of a polynomial representation for a semiconductor diode is given in Appen-

It should be noted that if a current~controlled nonlinear element is

present in the circuit, the reversion of the series may be used. That is,

VL T it AatoL a3ty (@ * O (4-3)
We can express
g = Aqvy t Ay, A v3 (b=4)
NL 1NL 2°NL 3YNL
where
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where i, and vy, are the current and voltage across the nonlinear element,
respectively.

The element node numbers are shown by symbols xx and yy in Fig. 4-1.
For devices representable in terms of a pair of nodes, or a collection
thereof, the node numbers are assigned by the user. The node numbering for
a bipolar junction transistor is done internally within the program once the
node number for the base terminal of the transistor has been specified by
the wuser. The model for the transistor used 1in PRANC 1is based on
Narayanan's work [7], and is shown in Fig. &4-2 along with the program-

assigned node numbers.

4-2.2. User Available Options:

PRANC performs the complete sinusoidal steady state analysis of a non-
linear circuit. In accomplishing this task, the program obtains the state
equations and the eigenvalues for the linearized circuit, forms the entries
of the open circuit impedance matrix* in partial fraction expansion form,
and then computes +the first-, second-, and third-order transfer function
values at each combination o%<&he positive and negative input frequency

values, The output voltage at each frequency component 1is then computed

#This is an equivalent form of the inverse of the reduced node admit-
tance.
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from the transfer function. The sinusoidal steady state response is ob-
tained after combining the various order responses at repeated frequency
values,

In order to provide flex oility to the user to control the program out-
put, several options have been incorporated in PRANC. These are described

next.

1. Frequency Sweep. Many applications in distortion and spectrum analysis

of nonlinear circuits calls for the study of the effect of frequency on the
distortion products. A frequency sweep capability, which allows the user to
request multiple analyses of a given circuit over a range of generator fre-
quency values in a single execution, is provided by PRANC. This option can
be called for by specifying the acronym FS on the option card.

PRANC allows the user to sweep up to five tones*. This allows the user
to study the effect of frequency on the second- and third-order intermodula-
tion products independently. 1In a third order analysis, a combination of
three 1input freauencies 1is taken at a time to compute the amplitude of an
intermodulation product; sweeping up to three frequencies is therefore suf-
ficient to study the effect of frequency on an intermodulation product.

- where

Thus, given a fixed intermodulation frequence Wiy T Wy + W

2 3

17 or and wg are the input frequencies, the effect of a change in the in-

o

put freaquencies on 1M can be investigated 1y simultaneously incrementing

and u, by a fixed amount across the band of interest. The study of

b K 14 .
the effect of frequency nn a second-order distortion product is done simi-

larly by varying two tones at a time. Both linear and logarithmic frequency

sweeps are available on PRANC,

*Since PRANC generates the negative of the input frequencies internally,
this is equivalent to sweeping ten frequencies.
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2. Multiple Input Sources. Ordinarily PRANC assumes the nonlinear circuit

to have a single multi-frequency input source. However, when a two source
circuit, such as a mixer circuit, is to be analyzed, the acronym MX (mixer)
on the option card can be used. PRANC will, in such a case, look for the
description of the second input source. The first generator can have up to
iEEL input tones, and the second generator (the '"local oscillator') only one

input frequency.

3. Print and Plot Complete Spectrum. After computing the transfer func-

tions and output voltages, PRANC performs a histogram type analysis of all
frequency points to compute the complete output spectrum across a requested
circuit element for printing and plotting purposes. Often times the user
may be only interested in the transfer function and output voltage values,
and may have no use for the complete output spectrum. In order to provide
the flexibility for suppressing the printing and plotting of the complete
output spectrum, an option to be specified by the user is available. By us-
ing the acronym PC on the option card the user can request for a print-out
and plot of the complete output spectrum; an absence of PC on the option

card signals the program to suppress the histogram analysis feature.

4, Output Port Print-out Selection. PRANC performs the analysis of the

nonlinear circuit on a port basis. Two types of ports are extracted in the
analysis: 1) Input and output ports specified by the user, and 2) control-
ling ports for the nonlinear elements. Depending on the number of nonlinear
elements and the number of controlling voltage variables, the number of the
extracted ports can become quite large and thereby result in an inordinately

large amount of printed output if the transfer function and output voltage

at each frequency component and at each of the ports is printed. To reduce
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the amount of printed output, an option for the printing of selected output
ports can be requested. By using the acronym AP (All extracted ports) on
the option card, the transfer functions and output voltages at each of the
extracted ports is printed; an absence of AP on the option card signals the
program to print the transfer functions and output voltages at only the

user-prescribed output ports.

S. State Space Description Print. The open circuit impedance matrix for

the linearized circuit is obtained via the state space description (see egn.
3-¢ ). The user can request a print-out of this description by specifying
the acronym SE on the option card. When SE is omitted from the option card,

the printing of the A, 8, € and D matrices is suppressed.

6. Eigenvalue, Modal Matrix Print. The eigenvalues or the poles of the

Linearized circuit, and their associated eigenvectors, are computed by
PRANC. The user may access this information by specifying NM (natural
modes) on the option card. The eigenvalues and the modal matrix are not

printed when the letters NM are omitted from the option card.

7. Open Circuit Impedance Matrix Print. The open circuit impedance matrix

for the linearized circuit is obtained in partial fraction expansion form by
PRANC. Each entry of this matrix is obtained in terms of a set of pole~

residue pairs and can be written as:

zi.(s) = E: _k + constant (4-8)
j L ST

where r,_ is the residue associated with the pole i

k Knowing all the en-

ke
tries of the open-circuit impedance matrix in the form (4-8), it is possible

to obtain the higher order transfer functions in terms of ¥ [233. By using
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the acronym PR (pole-residue) on the option card, all information required
to obtain each entry of the open circuit impedance matrix in the form (4-8)
can be accessed from PRANC.

8. BSEEE.EﬁiEE' The hybrid analysis formulation is used by PRANC to set up
the state space description of the linearized circuit. ALl important inter-
mediate results leading to the determining of the hybrid matrix can be ob-
tained by the user by requesting a debug run. This option is invoked by

specifying the acronym DB on the option card.

4-2.3. Program Restrictions

The present version of PRANC imposes the following restrictions on the

circuit size:

Maximum number of elements (both linear and nonlinear) = 60
Maximum number of nonlinear eLements+ = 10
Maximum number of dependent nonlinear elements = S
Max imum number of reactive elements = 20
Maximum number of independent nodes = 30
Maximum number of input frequencies* = S
Maximum number of extracted ports*x = 25
Maximum number of inputs = 2

In addition to the above size restrictions, there are other restric-
tions imposed by the algorithms wused: the presence of degenerate {(all

capacitor-voltage source) loops or degenerate (all inductor-current source)

A bipolar transistor accounts for three nonlinear elements.

*These are the sine wave input frequencies. The negative frequencies
are generated within the program.

*#xNumber of extracted ports < NO + NINL + 3NDNL + 1;

NO : number of requested outputs
NINL = number of independent nonlinear elements
NDNL = number of dependent nonlinear elements.
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cutsets [20] will lead to erroneous results. It should be noted that this
restriction is not severe when the realistic lossy models for capacitors or
inductors are used. A series resistance with a capacitor or a shunt resis-
tance with an inductor to account for the element non-idealities will insure
the absence of any of the aforementioned degenerate cases.

Another restriction encountered in PRANC is related to the determina-
tion of the eigenvectors. It is well known 129] that the computation of the
eigenvectors for repeated eigenvalues can be an ill-conditioned problem.
Thus, whenever a linearized circuit has repeated eigenvalues, PRANC outputs
a diagnostic message*. Again it is remarked that this restriction is not
very severe. One can easily concoct simple network examples with repeated
eigenvalues; but in real-life circuits, the probability of encountering re-
peated eigenvalues is very low = particularly when one considers the method
of storing numbers in the finite length word of any digital computer.

To summarize this sub=-section, the following three-step procedure is
recommended to the user as part of the preliminary data preparation:

Step 1: Examine the circuit under consideration to insure that all elements
are recognizable by PRANC. Furthermore, insure that there are no degenerate
Loops or degenerate cutsets [20]J. If such conditions exist, the following
remedy is recommended: place a negligibly small resistor in a degenerate
loop; place a negligibly small conductance in parallel with one of the ele-
ments of the degenerate cutset.

Step 2: Assign consecutive numbers to all etements in the circuit (including
a bipolar transistor) from 1 to NB and all nodes in the circuit from 0 to

NN, where NB is the number of elements (both linear and nonlinear) and NN is

*It should he noted that this is due only to the numerical problems and
that the theory of chaptrrs 2 and 3 is still valid.
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the number of independent nodes. Node number 0 is assumed to be the ground
node. Insure that the circuit size does not exceed the Limits imposed by

the present version of PRANC.

Step 3: Note the number of linear and nonlinear elements, ond the number and

unit of the 1dinput freqguencies. Based on the list of available options,

select the ones desirable for the circuit analysis problem at hand.

4-3, Input Description for PRANC

In this sub=-section, the details of the prescribed sequence of cards
needed for using PRANC are presented. After the preliminary data prepara-
tion step is done, the procedure for translating the circuit description
into input data is straightforward.

Assuming that PRANC is stored in the computer, the sequence of cards
needed for the analysis of a nonlinear circuit with a single source is shown
in Fig. 4~3; the case of the two-input source circuit is shown in Fig. &4-4.
Yhere are basically six types of cards present in the input data for PRANC,
These are: 1) Title card; 2) Option Card; 3) Analysis Parameter card; &)
Linear Component description cards; 5) Nonlinear component description
cards; and 6) Generator description cards. The details of the contents of

each of these card types ~re described next.

1. Title Card: This card is read in with an 80A1 form and is reproduced as

the tirst Lline of the output.

2. Options Card: This card tells the program which options, described in
section 4=2.2, are desired by the user. Each option has a two-letter acro-
nym associated with it. These acronyms are summarized in Table 4~1. Start-

ing in column 1 the user must punch a contiguous string of the acronyms re-

73




R VR -

s31in241) Indu) a|buls Joy spie)y 40 aouanbag *¢-4 aunbiy

|
1
nacu\mlah\
T ,
it:e)
TG LHDD x

Q4N234-40-0N3 67872
Oy 3411 \\
Ja8) SHOILdD
Ay
N
s,

qapD 33i3WPaYd SISATHNY

SquY3
NOI3dI¥0S3d =
ININDJWED
- AH3NIT
T
(SR /_
NO1Ld18053Q v
1NINDWOD
. HYINT HON 4 /
e, !
) B _
NO11d13353¢

1 y0LY¥E3N3D
311 4-40-GN3 6s8-¢/9




$3tnod}) Induj-om) Joy spde)y JjO adusnbag ‘h-k 24nby 4

¥

qayd gor
SQavd
0¥1INDD

qAY] SNOILL0

0938~ 40-AN3 6,872 \;
gyud 3UTL

Q3P0 ¥313WYATd SISATUNY

pit- )
NOILdI¥IS3q

L1N3NOdWOI
JYANIT
SAyu0
NOILdIdOS3a
LN3NOJWOD
YYINIINON

-

—

qa¥) NOILdI¥QSIE 2 A0IYNINID

N1t
NOI1dINJS3a
1 ANLUNINID
s

14— N

75




guired to request the specific options. The card must therefore be in the

following format:

Column Format Description

1-2 A2 First desired option acronym
3-4 A2 Second desired option acronym
5-6 A2 Third desired option acronym

See section 4=5 for examples.

3. Analysis Parameter Card: The analysis parameter card contains informa-

tion regarding the number of linear elemen*s, the number of nonlinear ele-
ments (the transistor should Ye counted as 1 nonlinear element by the user),
the number of sinusoidal frequencies (<5) in the input signal*, the unit of
the input frequencies, and the type of frequency sweep (if desired). This

card must be in the following format:

Column Format Description
1-2 12 No. of linear elements
3-4 12 No. of nonlinear elements
5 11 No. of input frequencies
6-8 A3 Unit for the input frequencies

us>® RAD f.r rad/sec. Hz for Hertz
9-11 A3 Type of frequency sweep, if desired;

LIN for tinear and LOG for logarithmic

*This does not include the local oscittator frequency in the case of a
mixer circuit.
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Table 4-1. Summary of Available User Options on PRANC
Option Acronym Option Description

1. AP Print all extracted ports output
information

2. DB Debug for Hybrid analysis: print
all intermediate results

3. FS frequency sweep capability

4, MX Two-input circuit for analysis

5. NM Print eigenvalue and modal matrix
information

6. PC Print and plot complete output
spectrum

7. PR Print pole-residue information for
the open-circuit impedance matrix

8. SE Print state-space description of the

linearized circuit
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It should be noted that the I-format and the A-format are always right
justified.

4. Linear Component Description Cards: Each branch containing a linear ele-~

ment save the independent source(s) and its impedance(s) must be described 3

in terms of its topological connsctions, its element value and type, and its i
i)
controlling branch number, if any. Each (inear element description card ?
must use the foliowing format: fi
. . i g
Column Format Description o
1-3 13 Branch number I
4=6 13 Positive (""rom'") node number ‘r
P
7-9 13 ) Negotive ("To'") node number (Sign i
convention for PRANC is shown in
Fig. 4=-1)
10-11 A2 Element type. The following element
types and their acronyms are recognized
by PRANC:
R Resistance
G Conductance
L Inductarice
C Capacitance
Cv  Current-controlied Voltage
source
VV  Voltage-controlled Voltage
source _
VC Voltage-controlled Current '
source i
CC  Current-controlled Current
source
(Note: R,L,G, or € must be present
in column 11: right-justified) ‘
g
12-21 E10.3% Element value of R,G,L,C, or dependent
source.
22-24 13 Branch number for the controlling branch

of ¢C, CV, VV, or VL. For other element

*(Note: For an E-format input: the exponent appears as a signed two di-
git integer in the three right most columns of the format field, and is
preceeded by a letter E, which is preceeded by the floating point value.

Thus, for example, a 6.6uF capacitor value should appear as:

12 13 14 15 16 17 18 19 20 21
1 6




types this should be Left blank.

25 I1 This column is used to provide multiple
output capability. A 1 in this column
indicates that the current branch number
is an output branch; a blank indicates
otherwise.

26 A1 An asterisk (*) in this column indicates
that the complete output spectrum across
this branch should be printed and plotted;
a blank indicates otherwise. Note: only
one such branch is allowed in the current
version of PRANC.

5. Nonlinear Component Description Cards: Two cards are used to describe

each nonlinear capacitor, idinductor, resistor, or a dependent source. The
first card describes the nonlinear component type and its connection in the
circuit; and the following card, the second card, defines the coefficient
values in the polynomial expansion of the nonlinear element (as per egns.
4-1 and 4-2). The nonlinear components are assumed to have a voltage-
controlled current.

The format for the two cards reguired to define a two terminal non-

Linear component is as follows:

First Card:

Column Format Description

1-3 13 Component number

4-6 13 Positive ("from'") node number of the
component

7-9 13 Negative (''to") node number of the
component

10-11 A2 Element Type. The following acronyms
are allowed for the various element
types:

NC Nonlinear Capacitor
NL Nonlinear Inductor
NR Nonlinear Resistor
ND Dependent Nonlinearity (egn. 4-2)

12-14 13 First controlling voltage branch
79
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number for the dependent nonlinearity.
These columns are left blank in the case
of NC, NL, or NR.

T TRV

15-17 13 Second controlling voltage branch number K
for the dependent nonlinearity. These }-
columns are Left blank in the case of ‘
NC, NL, NR, or single-voltage~controlled P
dependent nonlinearity. i

Second Card: This card is used to define the coefficients of the polynomial E
describing the nonlinear element described on the first card. The format rj
for this card is:
Column Format bescription ‘{
1-10 £10.3 Coefficient a, in egqn. (4-1)
or coefficient a1 in egn. (4-2)
11-20 £10.3 Coefficient a. in eqgn. (4=1) i
.. 2 . |
or coefficient agq in ean. (4-2) 4
21-30 E10.3 Coefficient az in eqn. (4-1)

or coefficient 50 in egn., (4-2)

Three cards are needed to describe each bipolar transistor in the cir-

31-40 £E10.3 Coefficient a5 in egn. (4-2) |
41-50 £10.3 Coefficient ay, in ean. (4-2) f

51-60 £10.3 Coefficient agy in ean. (4=2) ;:
61-70 £10.3 Coefficient ag, in ean. (4=2) i
71-80 £10.3 Coefficient ay, in ean. (4-2) L
1-10 (new E10.3 Coefficient a,, in ean. (4=2) $
card) '

cuit. The first card indicates that a transistor ¥ present and also speci-
fies the node number for the external base terminal. The second and third
cards input the transistor parameters for the purpose of PRANC modelling.

These parameters i:rclude the following (see fig. 4-2):

Parameter No. Parameter Name Description
1 n Avalanche Exponent
80
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v Collector-base bias Voltage

cB :
F!
VcBO Avalanche Voltage

4 M Collector Capacitance Exponent :
5 Ic Coltector bias current
6 I Collector current at maximum d.c.

cmax .

current gain

7 a hFE nonlinearity coefficient
8 hFEmax maximum d.c. current gain
9 k collector capacitance scale factor
10 Ref Diode non-ideality factor
1 C.o Base-emitter junction space i

] charge capacitance

L
12 C2 Derivative of base-emitter

diffusion capacitance
13 b Base resistance ‘
14 re Collector resistance
|

15 C1 Base-emitter capacitance
16 C3 Base-collector and overlap

capacitance

Once the external base terminal node, xx, has been specified by the wuser,
the following node numbers are internally assigned by the program to the

other terminals in the transistor model:

xx + 1 :+ Internal Junction

xx + 2 : External collector

xx + 3 : External emitter

The user must therefore take caution in not assigning these node numbers f

elsewhere in the circuit.
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For the bipolar junction transistor description, the following sequence of

cards are used:
First Card: The format of the first card for the description of a BJT is
identical to that for the two terminal nonlinear components. Accordingly,

the following format is used:

Columns Format Description
1-3 13 Component numberx
4-6 13 External base node number
7-9 13 (blank)
10-11 A2 The acronym TR in these columns

signals the presence of a bipolar

junction transistor.
A TR in cotumns 10-11 on the first card of the nonlinear description cards
causes PRANC to read two additional cards describing the transistor parame-

ters. The format and the order in which the parameters are read is as fol-
lows:

Second Card:

Columns Format Description

1-10 E10.3 n : Avalanche Exponent Value

11-20 E10.3 VCB . Collector-base bias voltage value
21-30 E10.3 VcBO : Avalanche voltage value
31-40 E10.3 u : Collector capacitance exponent value
41-50 £10.3 Ic : Collector bias current value

51-60 £10.3 Icmax : Collector current at maximum d.c.

gain value

61-70 E10.3 a : hFE nonlinearity coefficient value
71-80 £10.3 hFEmax: maximum current gain value

*Each transisror should be counted as one nonlinear component in the
circuit.
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lv
Third Card: ‘ %?
—_— ¥

Columns Format Description
1-10 E10.3 k : collector capacitance scale factor value
11-20 E10.3 Ref : diode non-ideality factor value
21-30 E10.3 C.e : Base-emitter junction space-charge ;’
) capacitance value I
' H 74
31-40 £10.3 C2 : Derivative of base~emitter diffusion T
capacitance value 1§
41-50 E10.3 "y : base resistance value ?]
51-60 £10.3 e : collector resistance value &
61-70 €10.3 C1 : base-emitter capacitance value :A
71-80 E10.3 C3 : base-collector and overlap d.

capacitance value
In summary, the nonlinear component description cards are a sequence of ‘i

cards where:

1) Two cards are used to describe each nonlinear resistor, nonlinear capa-

citor, or nonlinear inductor; ;
2) Three cards are used to describe each nonlinear dependent source; J~

3) Three cards are used to describe each bipolar junction transistor in the !

circuit.

|
l
6. Generator Description Cards: PRANC assumes the independent source to be i
a voltage source in series with an impedance, as shown previously in Fig. !
|
4.1. The impedance can be a linear resistor, a Llinear capacitor, or a
linear inductor. Two types of cards are required to describe the generator: !
the first card specifies the generator connection in the circuit and the
succeeding cards describe the frequencies and their associated amplitudes i}

along with the parameters for frequency sweep capability, if desired by the

user. |
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Only two nodes are needed to specify the connection of the generator to

the circuit.
The input voltage source is assumed to have the following form:
n

v_(t) = > A, cos(w.t + 68.); n<5 (4-9)
s i2p ) i i -

The user is therefore reguired to input the values for R:p wi, and 8. to
describe the input source.

When the frequency sweep capability is requested by the user on the op-
tion card, the following three quantities must also be specified along with
Ai' ws, and b;: 1) the number of steps or frequency increments; 2) the
highest or terminal value of the freguency sweep; and 3) type of the desired
sweep, which indicates whether the increment is to be linear (additive) or
logarithmic (multiplicative).

It should be noted that the number of steps defines the number of times
the circuit is to be analyzed. For linear sweeps the value of the increment

is calculated by the program according to the expression:

HFRi - FRi
INCi = N-S-T—P—;——_—:I— (4-8)
where INCi = frequency increment value for the i-th frequency,
HFRi r highest value for the i-th frequency,
FRi z starting value for the i-th frequency,
NSTPi = number of increments for the i-th frequency,

Similarly, for a logarithmic sweep, the increments are calculated as fol-
lows:
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1
HFI‘\"i NSTPi-1

INC‘i = ?ﬁ:_. 4-11)

(4-12)
In determining the value for the number of increments, the user
should be aware that the highest and the starting frequency values each

count as an increment. It should also be noted that multiple frequency

sweep specifications always result in simultaneous increments of the fre-

guency values involved. The largest defined "number of 1increments'" value
determines the number of analyses to be performed in such cases. As the

analysis progresses, each frequency value will be 1incremented until its

highest value has been reached, after which it will remain constant until
all defined frequency sweeps have been satisfied.

The first card in the generator description card has the following in-

put format: 5

Column Format Description

1-3 13 Positive ("from') node number for the ‘
generator !

4-6 13 Negative ("To") node of the generator Y

7-8 A2 Source Impedance Type: R, L, or C g

9-18 E10.3 Source impedance element value

Y‘-A

The cards following the above card provide information about each frequency
value, along with its associated amplitude and phase, and its frequency
sweep parameters. The format used to describe the i-th input frequency is

as follows:
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Column Format Description
1-10 £10.3 Amplitude value for the i-th frequency
11-20 £10.3 i-th input frequency value (must be

greater than )

21-30 £10.3 Phase value in degrees for the i-th
frequency g
31-40 £10.3 Highest vatue for the i~th input

o LT

frequency. Should be left blank
when frequency sweep capability is
not desired.

41-42 12 Number of increments desired for
the i~th frequency.

When two input sources are present in the circuit being analyzed, and .h
the acronvm MX has been included on the option card, the card immediately i4
following the above '"frequency description” cards 1is used to define the
second source ("local oscillator") parameters. The second <ource is again
assumed to be a voltage source with a series impedance of the resistive, in-
ductive, or capacitive type. Only one frequency value is however allowed
for the second source. The description of the second source must have the " 4

‘ following format:
Column Format Description
1-3 13 Positive ("from") node number for the !
source i
b-6 13 Negative ("To'") node number for the %
source 4
7~8 A2 Source impedance type: R, L, or C
9-18 E1N.3 Source impedance element value
19~28 £10.3 Amplitude value of source
29~38 E10.3 Source ("tocal oscillator') frequency
va'lue
] 39-48 £10.3 Prase value in deqgrees for the source
N 8e

oy .
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In section 4-5 we shall oresent concrete examples to illustrate the
typical sequence of cards used to translate nonlinear circuit prcplems for

analysis using PRANC. ‘

4-4. Interpretation of PRANC Output

i
A typical PRANC output comprises a lLarge volume of printed information.

In general, even when all user available options are suppressed, the output
consists of: 1) images of all input cards; 2) all c¢ircuit devices* with
their associated parameters and polynomial representation of their non-
linearities; 3) the description of the augmented Linéar network; 4) the
description of all extracted ports; and 5) the transfer functions and output
voltages across the desired output ports. The transfer functions and the
output voltages are printed for all non-negative ("positive'" frequency spec=-
trum) combinations of every positive and negative input sinusoidal frequen-
cies**, in both cartesian and log polar form. Thus, if a two-tone generator

is specified by the user, with 2f f1 > f2, PRANC will print the transfer

> >
function and output voltage values at the following frequency combinations:
First order : f1,f2
Second order : 2f1,f1+f2,f1-f2,0,2f2

Third order : 3f,,2f,4f,,f,,2f =5, f142f,,31,,2f,=f,,f,

When the available user options are used, additional information about
the circuit is provided by PRANC. The details of each of the available op~-

tion was presented in section 4-2. We briefly repeat their functions here.

*These include bipolar junction transistor parameters in the present
version.

»*The user specifies or'!'y the positive sinusoidal frequencies; PRANC
generates their negative values within the program.
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When the acronym SE is punched on the option card, PRANC will print the
complete state space formulation for the augmented linear network. It is
well-known [20] that, like the nodal or loop analysis, a lLinear network is
completely characterized by its state space description. By isolating the
dynamic (energy storage) elements in the linear network, the state equation
description emphasizes the dynamic character of the Linear part of the non-
Linear circuit under study. PRANC isolates the capacitor voltages and the
inductor currents as the state variables for the linearized network. It

prints the A, B, C, and D matrices of the following vector equations:

Ix »
1]
p-4
x
+
@

-

(4-13)

. .. .7
where the vector EvC1 VCZ"'VCH'1L7 1L2"'1Lk] p

Jx
t

the vector

| =
|

e . 4T

E11 12...1p] ,

- T

and the vector y = [v1 v2...vp] .
Here Vi is the i-the capacitor voltage, iLi is the i-th inductor -urrent,

and v and i

K K are the voltages and currents for the k-th extracted port,

respectively. The order in which the states are arranged is identical to
the order in which the capacitors and inductors appear in the augmented
tinear description, which is always printed by PRANC in a typical successful
ex~c.*jon of the program.

When the acronym NM appears on the option card, the eigenvalues {(poles)
and the modal matrix for the augmenied linear network is printed. The sig-
nificance of this information is well-known [201: the poles have a direct
bearing on the linear system response and stability; the modal matrix can be
used to study the zero-input response along with the observability and con-

trollability properties of the linear}ﬁfd system.
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The presence of the acronym PR on the option card causes PRANC to print
the pole~residue information of each entry of the open-circuit impedance ma-
trix for the p-~port augmented linear circuit. This information can be used
to construct the higher order transfer functions in terms of the transform
variables ;e Multi-dimensional transform theory [5] can then be applied to
these transfer functions to get more insight into the operation of the non-
Linear circuit.

The presence of the acronym AP on the option card causes PRANC to print
the transfer function and the output voltage values for all the ports ex-~
tracted for analyzing the nonlinear circuit problem. These ports include:
1)  input source port(s); 2) user requested output ports; 3) the ports at

which the nonlinear elements are present; and 4) the ports which control the
nonlinear element characteristics.

when the acronym PC is present on the options card, the complete
steady-state response at the "most desirable", user-specified output port is

obtained and printed. The logarithm of the output voltage is also plotted

as a bar-graph, which has the same display characteristic as a spectrum
analyzer. As mentioned previously, frequency components appearing in the
first-order response may appear in higher-order responses also. The func-
tion of the option under consideration is to combine these responses and
print the response at only the set of distinct frequencies.

The use of the debug option (DB) causes PRANC to print the intermediate
results of hybrid analysis of the augmented linear circuit. This option has
been incorporated for the debugging of the linear circuit analysis and is
not recommended for use during a typical run. An understanding of hybrid
can be quite

analysis [201 is necessary to interpret the output ~= which

voluminous - from the debug run.
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4=5. Examples using PRANC

A set of examples are presented in this section to illustrate the use
of PRANC for obtaining the steady-séate response of nonlinear circuits.
Each example will contain the problem statement, the segquence of punched
data cards, the computer printed output, and some remarks on the printed

output.

Example 4-1: Single Stage Untuned Amplifier Circuit

Consider the untuned, bipolar transistor amplifier of Fig. &4-5. The
input source comprises of three frequencies. The sequence of data cards
used are shown in Fig. 4-6 and Fig. 4~7. Note that the second card in the
sequence, referred to as the option card previously, calls for the pole-
residue information (acronym PR) and the printing and plotting of the com-
plete output spectrum C(acronym PC) across the 50-ohm resistor present
between node 6 and the ground node (card no. 9). By not including AP on the
option card, the printing of the responses at all extracted ports was
suppressed; instead, only the responses across the 50-ohm resistor and the
0.1 ohm resistor are printed. The transistor parameters used in the example
are Listed on the computer print-out.

Referring to the computer printed output, we note that all the user-
specified dinformation has been Llisted. A description of the augmented
linear network, which is formed after the Linear parts of the nonlinear ele-~
ments have been lumped with the existing linear network, is also Listed. 1In
the present examples, six ports were extracted as shown by the port assign-
ment description. The open-circuit impedance matrix is therefore of dimen-
sion 6x6. The pole~residuc information (see eqn. 4-8) for each of the en-
tries of this matrix is also provided. The transfer function and the output

voltage values for the ‘arjous orders and frequency combinations have also
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been Listed. Finally, the output spectrum across port 3 (node pair 6-0) has

ERR. +1ps: %y

been printed and plotted. The total execution time for this example on the

CDC 6500 computer is approximately 4.8 seconds.
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Example 4-2: Two-Stage Tuned Amplifier Circuit

Consider the two-staée tuned amplifier circuit of Fig. 4-8. The input

source comprises of two frequencies:
V(1) = cos(2r 3 x 10%) + cos(2r 3.25 x 10%0)

The sequence of data cards used are shown in Fig. 4-9. 1In this example the
frequency sweep capability (FS on the option card) offered by PRANC was
used.

The computer printed output is similar to that for Example 4-~1. The
two transistors in the circuit account for six nonlinear elements. Alto-
gether nine ports were extracted for the Volterra series analysis, two of
which were the desired output ports.

The maximum number of frequency increments specified were five, Note
that, as the frequency sweep is implemented, the set of input frequencies
are printed before the transfer function and output voltage values. Consid-
ering the execution times, we note that the formation of the 9x9 open-
circuit matrix took approximately 4 seconds on the CDC 6500 computer; the
calculation and the printing of the transfer functions and output voltage
values at the positive frequency values (approximately 90 points*) required
approximately 18 seconds. The entire program execution required less than

22 seconds.

*The actual number of points is approximately 150, since transfer func-
tions at negative frequencies are required in the calculations.
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CHAPTER S

PROGRAMMER'S GUIDE FOR PRANC

5-1. Introduction

The ideas presented in Chapters 2 and 3 have been used to adapt the
Volterra series method for computer-aided distortion analysis of circuits
with polynomial type ronlinear elements, PRANC (Program for Analyzing
Nonlinear (Circuits), a digital computer program written in FORTRAN IV, is
the outcome o this effort. This chapter presents in detail the program
structure and the description of the subprograms contained in PRANC. This
chapter should be most useful for programmers wishing to modify the program.

Section 5-2 presents the program structure of PRANC. By pointing out
the sequence of phases that are involved in a typical analysis run, the in-
teraction between the various subprograms is depicted. The discussion in
this section provides an insight 1into how the '"equivalencing'" of arrays
should be carried out for conserving storage.

Section 4-3 presents the details of each subprogram contained in PRANC.
These details include: 1) brief description; 2) glossary of FORTRAN vari-
ables; and 3) listing of each subprogram. The contents of this section
should aid the programmer in making future modifications to the program.

PRANC has been developed on the CDC 6500/6600 computer at the Purdue
University computing facility, and as such certain machine- and library-
dependent instructions exist. These system dependent cards in the program
are Llisted in section S5-4. Cards capable of calling equivalent functions
can be substituted in their place for adapting the program on a different

system,
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5-2. Program Structure of PRANC

Before detailing the program structure of PRANC, it is instructive to
delineate the sequence of steps that are involved in a typical analysis run
when using our computational algorithms. The program structure and its
modularity are better understood once a knowledge of the sequence of steps
has been acquired. Referring to a collection of steps as a phase, the fol-
lowing 1is a partitioning of phases that are involved in a typical analysis

run:

Phase A: The following functions are performed during this phase:

(a) Read input data

(b) Control the interaction between the other phases.
In a sense, this phase can be regarded to extend during the entire analysis
run.
Eﬁggg B: The user desired options are scanned during this phase and the flag
variable associated with each option is appropriately set.
Phase C: This phase is responsible for the following functions:

(a) Setting up of the arrays for the network description in a

prescribed manner.
(b) Assigning addresses based on the user-specified options and the
nonlinear element topology.
Phase D: The Hybrid analysis, which yields the constraint matrix [20], is
performed during this phase.
Phase E: The state space representation for the linearized circuit 1is ob-

tained during this phase.
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Phase f: The eigenvalue-~eigenvector information is determined from the state '

space description during this phase.

Phase G: The printing and the formation of the entries of the open-circuit

impedance matrix is carried out during this phase.

Phase H: The first-, second-, and third-order transfer functions are comput-~ *
ed during this phase.
Phase I: The following functions are performed during this phase:
(a) Compute the output voltages at each frequency point from the
transfer function values.
(b) Print both the transfer function and the output voltage values at

each discrete frequency point for the requested outputs.

Phase J: During this phase, the complete output spectrum at the user-

requested port is printed and plotted.

Phase K: When a frequency sweep capability is requested, this phase is used

to perform the said operation.
Phase L: When devices, such as transistors, diodes, etc., are to be
represented by equivalent nonlinear models, this phase is used to calculate

the parameters of the nonlinearities.

Several subroutines are required to perform the functions belonging to
each of the aforementioned phases. PRANC, in its present version, consists
of thirty=-six sub-programs, whose interaction is depicted in Fig. 5-1. In
order to provide a Link between a phase and its associated sub-programs, the
naming of the subroutines has been done in a deterministic manner: the first

Letter of the subroutine name signifies the phase to which it belongs.
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Thus, for example, the subroutines HORDR1, HORDRZ, HORDR3 perform the func-

tions outlined under phase H.

In the following paragraphs the function of each subprogram appearing

in Fig. 5-1 is outlined:

Program AMAIN is the executive calling program of PRANC.

Subroutine BOPTNS deciphers the desired user options.

Subroutine CAGMNT forms the augmented linear network by Lumping the Llinear

parts of the nonlinear elements with the existing Linear network.

Subroutine CRDPRT identifies and combines the parallel energy storage ele-

ments and current sources appearing in the augmented linear network, thus

effectively reducing the number of ports extracted for hybrid analysis.

Subroutine CSORT sorts the elements of the augmented linear network and ar-

ranges them in an order suitable for choosing a proper tree [20].

Subroutine CXTPRT adds a branch to the linear network.

Subroutine DFTREE finds the proper tree from the incidence matrix (201.

Subroutine DHYBRD is the executive calling program for performing hybrid

analysis of the augmented linear circuit to obtain the constraint matrix.

Subroutine DIAECH is used to manipucate the incidence matrix 1into echelon

form.

Subroutine DPRINT prints the entire constraint matrix whenever the debug op-

tion is requested by the user,
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Subroutine DPRNT1 prints only part of the constraint matrix describing the

port equations whenever the debug option is requested by the user.

Subroutine DRAECH operates on the rows of the hybrid matrix to reduce it

into echelon form.

Subroutine ESTATE formulates the state space description of the augmented

Linear network and, if desired by the user, prints this description.

Subroutine FBALNC balances the matrix whose eigenvalues are to be deter-

mined.

Subroutine FEVEV is the executive calling program used to determine the

eigenvalues and their associated eigenvectors.

Subroutine FBKXM1 is used to back transform the eigenvectors of an Hessen-

berg matrix.

Subroutine FBKXM2 is used to back-transform the eigenvectors of a balanced

matrix.

Subroutine FERTST is wused to print the error diagnosis arising in

eigenvalues—eigenvectors problems.

Subroutine FQRALG determines the eigenvalues and the eijigenvectors of the

Hessenberg matrix.

Subroutine FRDHSS reduces a matrix to the Hessenberg form.

Subroutine GZ0C forms the matrices used to store the entries of the open

circuit impedance matrix.
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Subroutine GZOCPR prints the entries of the open circuit impedance matrix

whenever desired by the user.

Subroutine HORDR1 computes the first-order transfer function at each posi-

tive and negative input frequency value.

Subroutine HORDR2 computes the second-order transfer function at each fre-

quency combination appearing in the second-order output spectrum.

Subroutine HORDR3 computes the third-order transfer function at each non-

negative frequency combination appearing in the third-order output spectrum.

Subroutine IWRIST determines the first-order output spectrum and prints it

along with the first-order transfer function at the user-specified output

ports.

Subroutine IWRZND determines the second-order output spectrum for non-

negative frequencies and prints it along with the second-order transfer

function values at the user-specified output ports.

Subroutine IWR3RD determines the third-order output spectrum for non-

negative frequencies and prints it along with the third-order transfer func-

tion values at the user-specified output ports.

Subroutine JSPCTM performs histogram analysis of all output frequency com-

ponents and combines the common-ones. It also prints and plots the complete

output spectrum at the user-requested port, whenever desired.

Subroutine JPLTSP perform the actual plotting of the output spectrum.
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Function JLCOMP locates the data points for plotting.

Function JPUT also locates the data points for plotting.

Subroutine JSEP separates the alphabets in the y-axis Llabel for wvertical

printing.

Subroutine KFRNC computes the frequency increments for each input frequency

whenever the frequency sweep capability is requested.

Subroutine KFRVLS computes the new frequency values during the frequency

sweep.

Subroutine LTRANS computes the coefficients of the polynomials representing

the nonlinear elements in a bipolar transistor.

5-3. Glossary and Subprogram Listings for PRANC

In this section we shall present the specific task of each sub-program,
along with its Listing. The glossary of important FORTRAN variable names is

included in the sub-program Llisting.

5-3.1 Program AMAIN

Program AMAIN is the executive calling program of PRANC, Its primary
function is to read and write input data, to form appropriate arrays for the
augmented linear network description, and to assign appropriate addresses
for subsequent use in forming the nonlinear current sources. The addressing
array NCONT used in PRANC deserves some explanation.

Based on the network element types, and their associated KEY values,
the elements of the augmented linear network are arranged in the following

order:
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1. Capacitors

2. VCVSs

3. CCVSs

4. Resistors

5. Inductors

6. VCCSs

7. CCCSs

8. Independent current sources
Such an arrangement is warranted for the selection of a proper tree and the
formulation of hybrid and state equations. The number of independent
current sources is equal to the number of extracted ports, p, for the aug-
mented linear network.

Initially, as each input information card 4is read, a zero-valued
current source is applied across each prescribed input source branch, output
branch, nonlinear element branch, and nonlinear element characteristic con-
trolling branch (in the dependent nonlinear element case). Each zero-valued
current source signifies an extracted port. Associated with each extracted
port is an index number, NCONT, starting from 1 ton (n > p). Clearly some
of the initially extracted ports may be in parallel. The p-port augmented
linear network 1is obtained after the parallel zero-valued current source
branches in the n-port network are combined.

The extracted ports in the p-ports network has the following arrange-

ment:
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Input port NCONT (1)
Output port 1 NCONT (2)
Output port 2 NCONT (3)
Output port k NCONT (k+1)
Nonlinear element #1 port NCONT (k+2)

Nonl inear
Nonlinear
Nonlinear
Nonl inear

Nonlinear

Nonl inear
Nonl inear

Nonl inear

The array
ed ports.
port; NCON
put port,;
noted that

cases of d

element #1 controlling port
element #1 controlling port
element #2 port

element #2 controlling port

element #2 controlling port

element #o port
element #¢ controliing port

element #¢ controlling port NCONT (3e+k+1)

NCONT contains the port number for each of the above extract-
Thus, NCONT(1) contains the port number for the input source

T(?)Y far the first cgtput part; MCONT(3) for the second out-

NCONT (k+1) for the k=th output port; and so on. It should be

the independent non!linear elements are treated as speciat

enendent nonlinear elements, Thus, if NCONT(5) = 3 signifies
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port number 3 for a nonlinear capacitor, then the Llocations NCONT(6)
and NCONT(7) will also contain 3. 1In the case of a dependent nonlinear
element, the number for the controlling ports witl usually be dif-
ferent. It should be clear from the above discussion that, for a sin-
gle input, k-output network with & nonlinearities, the Llength of the
array used 1is (38+k+1). The array NCONT plays an important rote when

the various order steady-state responses are computed.
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5-3.2. PRANC Listing:

357836 2 36 3035 28 26 532 00006 36 I 30 T0-3 50 203000 2006 96 30 5 5 28 JE 30 0 S0 6 I 96 96 36 008 26 2600 JE I IE T 0038 30 0 20 29 200 3 IE 2 2 0L 2 20 0 e 6 QMN 10
CraamatNastadaanetsteerentesy P R (N C #amermaaeaa8s8%382 0008802040 x0MN 20
Cowstenammannnnrsta PR UG”G”I FCR N.’Y_‘.’ZN“G NONLINEAR CIRCUITS sasssaasnsanrnaQMM 30
[:“*')-}’{-i'v.ﬁ-&i}{!':‘e';‘** TR T IEET I N A MR H AN iﬁi*#l#&ﬁi*l—lﬂmﬂ 40
% R 1973 UERSTON =ttt tnsssrassamentfMN 50 !
L2 ISR T IO O NS B MR N R R R T an ke XAMN 60 8
= B2 3 b % B TPl 3 I Pl B CEREREA XN I FATRA RS SF R AR RR R RROMN 70 ' z
PROGRG-] (‘....’\- Ui, cu TPUl,m Z3=1MPUT, TARPZE=0UTRPUT) AMN g0 I
263 7038 38 5048 50 20 5008 00 S8 01 26 T2 200 S0 TS0 ST T e LB NE I N X S DI REEREI PRI ELEE B R L L2 DL Ty aty e =] !
c * =AMN 100 i
Commans THIS SUD-FROGRAM PIRFIRMS THI FOLLCUING FUNCTIONS: #AMN 110
c 3 1. RIND ANG URITE 1PUT CIRCUTT DZ3CRICTION. rAMN 120
c * 2. NCT (5 THI ZXICUTIVI CALLING PROGRAM FOR PRANC. ®*AMN 130
C * ®AMN 140 &
Czexxxs  THIS SUB-PROGRAM USIS THI FOLLOMING SUSROUTINZIS: #AMN 1590
c = i. LOPTN3 =AM 160 'i
C = 3. CABHIT ANN 170
q 5 b xArN 180 3
I I . z AMN 120 ,
[ * S. *RNH 200
. C = G. AMN 210
c 3 ‘. 1ORER2, HIRIR3 ®*AMN 220
c * 3. THR203, IWRIRD #AMN 230
C * 9. LRI ®AM 240
c * 10. KFu- 12, KFRULS =AM 250
[ * 11, LTRANS #AMN 260
[ * 1‘3.««:* SZCCMT === (L_IERARY DELPENDENT ROUTINE) xAMit 270
c * *AMN - 280
Ceana THIS CUB-FROGRAMES GLO33ARY 0F FORTRAM NAMZS: #AMN 250
c @ LR : o ROIM THE AUSMENTID LINEAR #AMN 200
C * =AMN 310
€ * MARCHIKY ¢ ~FROMv(+) NODZ MUMBIR FOR BRANCH NUMBER K #AMN 320
c * irna o Tgv(-) NOJZ NUYMSER FCR u.?.’-‘u“:CH NUMBER K #AMN 330
C * oDRANT ?"'.‘C R ZLENMIMT TYR ®AMN 340
g * : ‘O,Z ROl J DRANTH PUMBIR - D? BRANCH X #AMNN 350
[ * H ] TCR DRAMCH X #EMN - 360
C i : i U".'_U' FOR 3RANCH X »AMN 370
rC = H 22T X ®AM 280
' C # : INT UALUZ FCR MNONLINEAR #AMN - 390
c % z " ®*AMN 400 ]
[ B DoI-vd INPUT TPEC’"'“.’CY uaLys #AMN 410 I
c P Soa=T INPUT = / =AMN 420
[ B Y n i PuT EAMN 430 |
c u : SAMN 490 I{
C B 3 ®AMN 450 |
" = X £RN 450 '
c ES HER =AMN 470
- 2 Do 2AMN 480
c » ! MY 480 1
M * PR A 500 ty
: B Do “NTATIDON w450 810
C ES HEN HTARTION =AY 520
e e H ENTATION s B3
C = " RZSTHTATION ®#EMY S 540
C B h u"}«u FRINDUENCYY  =kMi 550
2 5 I 2100 TRANSFORMATION sGhi SB60
I o i ~P0DJCT OF MODAL waMH o 570
I Y N vAMNE 980
> b [l T PPDDUCT OF CMAT AND saMll 580
i + 1 L=luitl
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C * WL, WK : HORK ARRAYS *AMNN  B10
C * NSTPS(IY ¢ I-7H INPUT FPRPIQUENCY NUMBIR OF INCREMENTS rALN EZ20
C * FRINCCI) ¢ I-TH INPUT FRIQUINCY INCRIMEMT UALUE =Ml BZO0
Cc * HFRCI) fOI-TH INPUT FRZOUINCY HIGHEIST UALUE #AON EB40
C » YI(Ps 1) 2 PORT P FIRST-CRIZR QUTPUT AT FREAGCDD #Fi1 B30
[ * W2(I) ¢ SZCOND-ORDZR 1-TH FRIQUINCY COMPONEINT UALUZ  =AMN  GE0
[ * Y2(Ps 1) . PORT P SECOMD-0ORDIR 0OUTRPUYT AT W2(¢ID) #EMt G770
c * Fe2ln ¢ COMBINATION CODZ FOR L2(1) sl ESO
c » W31 ¢ THIRD-ORLEIR i-ik FRIGUINCY COMPONENT UALUZ #ANN GS0
C * Y3(P»1) ¢ PORT P THIRB-CRDIR OUTPUT AT N3 #N Y00
Cc #* FC3(1) P FRZIQUENCY COM3INATION CODE FOR W3(D) =ANMN 710
Cc * FRCI) ¢OI-TH FRZQUENCY UALUZ INM THE COMPLETE SPECTRUM=AMN 720
[ * Y : OQUTPUT UOLTAGE AT FRCI) L hey O
c * iPT ¢ NARRAY USZD FOR vHISTOGRAMY ANALYSIS #AMM 740
c » YLG ¢ LOG OF THT QUTPUT (Y)s USED FOR PLOTTING #FON TS0
C * ST1,S872 ODULMNMY STORAGE ARRAYS USED FOR ZQUIVALENCING =AM 760
€ * NCONT P ARRAY FOR MDDRTSSING MNONLINZAR CURREMNT sEMN 770
c #* SOURCEIS Alld RIQUESTID CUTRPUT RPORTS (5ZZ ®ATN O TE
c * TZCHNICAL RIPORT FOR DETAILS) #Hnt TS0
C #* JCONT(K) © SZCOND CONTROLLING BRANCH NUMZIR FOR NONLINZA=ANI  £00
C * SLINMENT K7 SUBSZEUZHTLY IDINTIFIZS THE #ENi1 B10
C » NOMLINEAR ELEMINT TYPE s#EMM €20
[ * TITLE !OARRAY USED FCR READIMG TITLE AND OPTION CARD =fAMM B20
c #* NCAP :OMUMBEZR 07 LINZAR CAPARCITORS =AM 240
Cc # NOUS ¢ ONUMBIR (OF LINZAR DEPZMDZINT UOLTAGE SOURCES sANN 830
c * NRES PORUMBIR GF LINZIAR RZISISTORS #hwl €80
c * NIND ¢ MUMBER OF LIMEZAR INDUCTORS A 70
C » NDCS ¢ MUMBEZR OF LIMNIAR DZPENDENT CURRINT SOURCES #RMN E30
C * MNCS ¢ NUMBER OF LINZAR CURRENT SOURCZS(=-» 0OF PORTS)=éMII €SO
c * it €00
Cil*“*"ii**&**i***ﬁ&*i-}****-}*ﬁ****—ﬁ**ﬁ**#&ﬁ!-}##******i*****‘l-}§**I*-}*§i&{—\,,’1 y Sl O
cC ML 220
C °3
INTEGER A, BR» TYPEZ, ANSCOL, FROM, TO» HEADER, QUTPT £ 240
INTEGER R»GsCsEsCU, YU, CCHUC, TITLE i €30
INTZGER DB,SE,FS,PR,PC,AP il €30
COMPLEX TH fil 870

L [ RS
Caxxnn ARRAYS PEQUIRED FOR STORING AUGMENTED LIMNEZAR NETWORK fFoul €80
c £MN 1000
DIMENSION BR(75), NFROM(?S), NTO(7?3), TYPE(?S3)s ICONT(73)s KEY(7SIANHY 1010

c frut IT20
Caxxxx ARRAY FOR ELEMENT UALUES 1620
C 1040
DIMENSION UALUZ (75> 1020

10G0

Cxuxu% ARRAYS FOR NONLIMNEAR ELEMEZNT TYPE AND POLYNOMIAL COSFFICIENTS 1070
c 100
COMMON 001/ NTYPZ(10)»COFF(10,3) 1089

C 1 1100
Cxxxxx TNPUT AMPLITUDE AND FREQUENCY ARRAYS i1in
C Hl1iEn
COMMON #0037 FREG(10),AMP(10), TH(10), LUNIT i 1izo
DIMENSION PHASZ(5) il 1240

C 1o1ibn
Coxnux APRPAYS FOR HYBRID ANALYSIS Horien
¢ foit 1ien
DIMENSION A(30,75)s NNH5(73,150), HEADER(300), EXTRI(?S,30), EXTR2C(INT 118N
175,2M) Vi 1180

Cc U 1200
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E zaxxx ARRAYS FOR THE FORMATION OF STATS EQUATIONS AMN
AMN

. DIMZNSION AMAT(R0,20), BMAT(20,20), CMAT(25.20), DMAT(25,25) AN
AMN

Ceamxs CICETNUALUZ AND EIGINUICTOR ARKAYS AVN
c FMi
c COMPLEY ZUALS(20), EUZCTS(20,20) AMN
AMN

Cxzaxz ARRAYS FOR STORING PFI IH70 AND HORY ARRAYS AMN
c ann
. COMPLEY DHAT(R0.23), CHAT(E3,20), WX1(20,20), HK2(20,20) AMN
AMN

Cramxs ARIAYS FOR FRZIQUINCY SKE= AN
C AMN
COMMON 70047 N3TPS(5), FRINC(S)HFR(S) AMN

c AMM
Cassxr ARDAYS FOR FIR3T-CRDZR TRANSTEIR FUNCTIONS EMN
c AMM
COMPLEX V1(23,10) AN

c AMN
Craxz® ARDAYS FOR SICOND-CRDIR TRANSFEIR FUNCTIONS AMN
C AMN
COMPLEY Y2(£35.53),HKZ2(23,23) FMN
DININSIoN 12053 AMN
IMTIGIR FC2(33) AMN

AMN

TR TRANSFER FUNCTIONS &M

(S

AN

AMM

ln,he_\ rC3(1333 AMM

c aMN
Casxxr ARRAYS FOR COMPLETI OUTPUT SPZCTRUM AMN
AMN

COMPLEX Y(160) AMN
DININ3ION FR(1B0)Y, IPT(130)s YLG(130) AMN

C AMN
Camnzs MISTILLANIOUS 1IORX ARRAYS AMN
> AN
DIMIN3ION ST1(75,100), ST2(50,223), NLBN(32)s TITLE(B0)s NPORT(25)AMNN
COMION #0187, MCOMT(Z2), C0HTCL) AMN

o AN
COMMaN 7ZTVYPE/ \aGs_»C,_,157CU,UJ»FC uc AMN
COMMON ~EN03- NCAR, 1IDUS, NRZS, 111NDs NDCS, NCS ETH

c M
Czaxs EQUIUALENCT FOR PHASZ 1 (037AIN MYBRID MATRIX) amm
(> Al
EOUIUALENCT (ST1C1),TITLIC1)) aMN
EQUIUALTNGT (ST1C1),DR{LY) AMN
ERJTUNLENCT (5.1(;51,wfﬂGM(1>> Al
ERUIVALE (1 AMN
EQUIUALE \J.1(: 33, TVRILY) AMN
(ST3(2I1),ICNT(1) AN
\QIJ.(urJ)’ 7_(11) QNH
(371(3513, 1) AMN

eys (BT1(323),Z4T21 (1)) AMN
zouTea (ST (RYYE), THTRRL)) AMN
goion (571(5923),A01)) AMN

AR RANeY (ST1CFR73),MIARERCL)) AN
EOUTUNLTHCT (S7T2(13 ) AMN
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Cxzwax TQUIUVALENCT FCR PEATI 2 (O27AIN STATI ZRUATI
c
EQUIUNLENCE
ZRUTUNLS
EQUIUNLT
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e ™

~
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c
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Cragxzr COUIVALTHIZ FCR PHATI 3 (O37THIN COMPLETZ OUT
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KEY(K)=8 AN

NDCS=NDCS+1 ani
GO 70 116 (S
c NN
Ceaxxx U C U S e
c AN
104 KEY(K)=3 Fai
NDUS=NDUS+1 it
GO 70 110 Sy
c AN
Cexxxx C C US i
c amn Tt
1086 KEY(K)=4 AnN 0
MNDUS=NDUS+1 Y 0
GO 70 1190 ANN ZIED
c Foi =0
Cexsux U C C S A 3170
c FN 2180
103 KEV(K)=7 £ 2180
NDCS=NDCS+1 [Shont 00
c Fri 0
Cx=xxx LRITE DEPENDENT SOURCE BRANCH INFORMATION N g
c 0
110 HRITZ (6,228) BRK)s NFROMUK)»NTOCK)» TYPE(K ) » UALUE(K) s ICONT(K) 3
GO 70 120 0
c 0
Cxsxxx RESISTIUZ BRANCH Q
c 0
112 KEY () =3 3
HRES=NRES+! 0
GO 70 118 i0
C 0
Cxuxax CAPACITIVE ERANCH 0
c O
114 NCAP=NCAP+1 A
KEY(K)=2
GO 70 118
C
Cewwxax INDUCTIUE ERANCH
C
118 NIND=NIND+1
KZYK)=6
c

Cwnxan LRITE R,L»C DRANCH INFORMATION

c
118 HRITE (6,230) BR(KY, NFROMUK)s NTO(K)» TYPE(K)» URLUE (KD
120 CONTINUEZ AN
(R

[ty

c
Ceu»xxREAD MONLINEAR ELEMENT INFORMATION

c
KK=0
DO 1238 K=1,NNELEM
Kh=KK+1
C
C==xsx RTAD NONLIMNEAR ELEMENT TOPOLOGY
c
READ (5.232) NEG,NI,N2,MT, ICT, JCT
IF (N7.EQ.2H7R) GO 70 128
c

Ce=sxx RIAD POLYNOMIAL COSFFICIENTS FOR THE NONLINEARITY
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AMN
AN
Rifil
AMN
Ty i=1.M RN ZE
A
AMN Z5
Dt
Fiit 3
AN
S Emch
AN
i
s NUBN-ER, NFROMY NTO» TYPE, ICONT» UALUE » NNOAMN

A

fi

AR 3 " 4

AEM 3T g
INFORMATION AR

At S8ua
AN 2810

AMN 2820

AN 28350
AN 2E40
LEOLONTY G0 TD 139 AN 2850

350 NERGHGHDHHTOMNY s TYPZ(NY,COFF (T, 1), COFF (1,23, COFF (AN 2EB0
AN 2870
LN ZEE
NEROMOMNY S, NTONY s TYRPEN) » TCONT(NY» JEONT (1), COFF (Ts #2830
(1.3) AN 3500
(T, COFF(T,5).C0FF(1.8) RN 2210
COFF (T, M C0F (1.3, COFr (T3 fFN FS20
Al 2230
AMN Z240

ZeawelIZA0 AND MRIVI GINIRATCR INFORMATICN PN 2850
AMN ZEGO

DIAD (5.2237 MILMR.T. 05 AN 2800

7 CCHTLENLRLDRLONTLI0.GYY GO 70 134 KN 3S80

I 0.1 G0 70 L7 FMN 5920

Q7 (HADE BR TVPTZL UALUE, NFROMy NTO, KEY» N1 N2, 5. NT,» Z5) AN <000
AN 010
AMN <020
AMN 3030

134 CRANNL DRy TVRES UNLUT, NFROMy NTO- KEY« N1 N2s 59 NT» ZS) AN <040
AN 4050 P
AN <060 1

ANN 4070
(NADDY TR+ TYPT» UALUT , NFROMa NTOs KEY s N1+ N2+ 20 NT» 25) AMN 4080
£HM 2090 ’
AMN 4100
(MDY T2 THTE - UALUZ » NFROM> NTO KEY» N1, 82434 1540, 00) ANN 4110 .
AMN 4120
AMN 4130
AMM 11430

A
125

~ry
123

140 ANN 4150 7
ANN 1160 £
ML, IS AN 4170 :
tIVE RGN AMN G180
T BR R AR I anets! ANN 4390
14 12172 (3.045) 1 FRZACIY ANP T PHAST(T) LN 4200
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FTY

IF (F5.NS.1) GO 70 145 amn
MXINC=0 fi
DO 144 I=1,NFREQ Ern
144 MXINC=MARD (MXINC, NSTPS(I)) e
HRITE (8,208) INTYP,MXINC fat

146 IF (MX.NE.1) GO TO 154 £t
c i
Crwww» READ AND LRITE SECOND-GENERATOR INFORMATION Frn
c 2
NFRED=NFREQ+1 £

RIZAD (5,248) N1,N2,NT,251,AMP(NFREQ) FREQ(NFRED), PHASE (NFREQ) aai!
IF ((NT,EQ.R),OR.(NT.EQ.G)) GO TO 143 frtis
IF (NT.EQ.C) GO 10 150 ari
CALL CXTFRT (NADD) BR» TYPE» UALUE, NFROM, NTG, KEY, N1y N2, 65 NT, 251) Fns
NIND=NIND+1 A
NZT1=3 frit
GO 70 152 o
148 CALL CXTPRT (NADD:BR» TYPE, UALUZ, NFROM, NTO»KZY> N1, N2, 55 NT» 251) i)
NRES=NRES+1 Ny
NZT1=1 oy
60 TO 152 £
150 CALL CKTPRT (NADD, ER» TYPE, UALUZ, NFROM, NTO) KEY, N1, N2, 2, NT» 251) fuiii
NCAP=NCAP+1 e
NZT1=2 Fp
152 CALL CXTPRT (NADD,BR, TYPE, UALUE, NFROM, NTO, KEY»N1,N2,35,15:0.0) Al
NCS=NCS+1 £

WRITE (6,242) N1,N2,2S1,NT ain
MRITE (B»244) LUNIT i

WRITE (6,246) NFREQ,FREZQINFREQ), AMP(NFRED) PHASE (NFRED) ai

c £
CrexxxFORM THE APPROPRIATE AUGMENTED LINEAR NETHNORX friel
Foiil

154 NCT=NOUT e
DO 156 K=1,NNELEM i
N=NLBN(K) ey
ICON=ICONT(N) A
JCON=JCONT (K) A
NNODE=MAKXO (NNODE s NFROM(N)  NTOC(N) ) FN
KEVUSKEYU+1 A
NCT=NCT+1 Fil

CALL CAGMNT (K,NsKEYU, NADDs ICON, JCON, NCT» ER» NFROM» NTO» TYPE, ICONAN

1 T,UALUE, KEY) e

155 CONTINUE G
IF (MX.1E.1) GO TO 158 ain
LLOSRC=NCT+1 L)

NCOHNT (LOSRC)=LOSRC e

158 NELEM=NADD S
c et
Cesxx*  SORT ELEMENT DATA NN
c (i
NICS=HCS N

CALL CSORT (NELEM, BR, NFROM»NTO, TYPE, ICONT, UALUE, KEY) 5

c
Cawz=s COMBINE FORTS WHICH APPZAR ACROSS SAME NODZ PAIR £
C foid
CALL CROPRT (MELEM, BR,NFROM, NTO, KEY, TYPE, URLUE, ICONT) (100

c fo
C*xax# CONSECUTIVELY NUMBIR THE EXTRACTED ~INJIPEMBENT- PORTS Fiit
c [

DO 165 I=1,MICS
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4210
4220
4zz0
4240
4250
¢z%0
4Z70
42e

4280
4200
4210
472

433

4240
4330
43730
4z7

4280
ids)

4400
4410
2420
4420
4440
4430
4420
4470
4430
445

2500
4510
4529
4520
4240
4550
4550
4570
asg

2589
4500
4510
45z

4320
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4550
4c30
4570
480
4820

4700
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Ir NCON((T) £1.I) GO 70 163
130 s (iIC‘Jxl"‘ ).G|.~) GCd 70 1582

e ( !.~O NICS: 70 165

«D 180
152 N 184 K=d.NIiC3
153 I7ONCGHTCOLED.D NCONTCO =1
165 CONY LNU,
LLIMNG PORTS
IDENTIFIER

ILEQWRTS GO
N x .:C\.| LY GO

HTVYPZOOLEGLND) GO
JEONT (K31

170
GO0 70 176
172 JCeNT OO
GO v0 i¥3
179 JoonT (=g

HCBU=RLEN 0K
MCOMT (A1 =NEDUN
MO (If2)=NCauN
NEONT (L) =NCRUN
GO 70 180

iv3 FICONT (O -NLTNKDY
MO (23 =HLBNI KA+ 1)

183 CO
7 TO 133
OIS NS TANNDIL TN DN

XU r'ﬁ"“ "”.DN(H_.Ca)

muamxPRIHT QUOMINTIN LTMIAR NIT

-("‘ £0.NR3Y GO 10

4
70 17D
70 172
T0 178

NNELEM

TiHORK DESCRIPTION

FG? T. e

I

L,

+1

NONLINZAR ELEMENTS
HITH EACH NONLINEAR

AaMN
AN 4
FRN
MM
[atyiN]
AMN
AMN
AN
FMN
AN
AN
AMN
AN
AMN
AMN
AMN

AN 4S5

AMN

AMN 48

AMN
AMN
AMN
AMN
AMN
AN
AMN
AN
AMN
AMN
AMN
[aHAN]
M
AN
AMIY
AMN
AMN
AMN
AMN
AMN
AMN
AMN
AMN
AMN
AMN
AMN
AN
aMN
AMN
AMN
AMN
AN
AMN
AN
AMN
[ty
(Sl
[Sxix]
(a1l
[ainhy
AN

4820
820

-
48u

4840
4E50
4860
4870
4€80
4890
4300
4910
4820
483
43840
S50
4860
70
4S80
20
5000
5010
5020
5030
5040
5050
5060
5070
5080
5090
5100
5110
5120
5130
5140
5150
5160
5170
5180
5130
5200
5210
Se220
5230
5240
250
5260
5270
528
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53200
5210
5220
5320
G540
L350
rQPO
L0
5280
jGolY]
5400




NZOITOT

Tt

S NFDZMANDOML NTOONIUM

I SRIN]
-

ST LA .-
R UL,274 (nlis

r

g e ety —— mem e R

s FORUILNTI NWERTH ZRUATINNS

-

P
PIOUTRT (M3

) )

[RNTEN A LA, N R TR T - PR A AR
P PR W FOTIFTRIVIN
I P S N I RN PRI

i FORMULATI SUATI Z2UATICHS

[
coL. =77% CRT1I-ANSTD., T1.NIR, N3TV- T, ANAT,
LR T ST TR

T TAMOAY T

~ ) e mesn T A —e s
Thivare o

[ I S |

72

ey
LR R

160

ATITLTTL DT ANSARL (ST S Syne e nNT A T

Al o

S e,

[

-

N

Rk ) . s s

3

2
K3

2

[ETSRIEN. Y

U




[P

el bt INT Y]

-~ r—— -—
. \;'_.j's e

TrEm N 7w !
e eis n m e am
i
e e S 1
RN - [ -t e A ta
i
.. m e it e e e i v g aimmmem A oo Do :
e . N .o ! L AT YL NPT, TMAT A 25, 280 :
R T B SR T
. o e e e e :
. . P T R - . N P
. ey e ea A 1 i aemmeme e
. , S S TEAT, VIR NITIION UL NI T O “'
- S . , ¢
e e - JUN i e
. . . - PSR | I hl ~ ¥
. o Ce PR

B N ~ ¢
NN D D]
NN e e
- ) -
\ o =T
“ O -
. : P oy
. C e im e s s s s e mceeayaes eqry meeem e senm e ey g g
oo . B . - R PRI ]) [ S s A ,.'.?_’.4_“)
: Lo I
o pm s :
- PR Sy i eimimem e aimimmage oy o pamr = 0 4 m e .
U I T I LT A T E R T, PR UTUT L LS U TRTL VLG,
R
R s meE m A
cim g . orm e S e
N . . I ' i
. TeetosoLm A} '
[ N
o 3 o |
.. ‘. s ’ ¥
- |
R i
e e
g |
t
PPN VLl
Lo . CeTEmUE TEHTTI, AT L) TN MO L W
PR D . - ' , ’
'
. o . . Wy~ . e . Kty e e e = cem .
i i [ . P N D T e, 2 AT T TR N . '
. . . N
T, “‘ T . B 1
P A L S RN } ,
Ut . - : TTDTRTITN N, s LT St ot

161
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218 FORMAT (77, 1M+ 1SHLINIAR SLEIMENTS) [ '
220 FORMAT (10, CGHIRANTHS 41Xy 4HFROM, 3145 2HTO» SN 7HELEMENT» 3N PHELEM 'Nla_
L5 FHCONTROL . 75 1M, GRNUNBIR 4%, AHN00L, 214, GHNDDE, 53X, §HTYAE, 3K SAVALLUEF

Avs AN
2 G4 EHERANCHD

222 FORMAT (IH »BUHH I A dIH ) 2401 ), AG 7 T1HL ) 3 701H. ) 3, T ULHA ST A
1.)) e

224 FORMAT (212,11,2383) !
2256 AT (2I3,02-510,.3,13,11,A1) ti
223 (2 136 I35, Se I3, PHe N2, 4%, 210,323, 3%, I3)
30 (2K i35,858, 1024 13, 7K R2, 64 210,3)
232 FORDAT (213,02,2I5
234 FORMAT (ZZin,3)
235 FORMAT fhc‘ﬂ..}»/n_lo.q)
2338 FORIMAT (Elqaﬁi 210,
240 FOPHAT (- ‘f~1°T”7”“”' INFORMATION:)
242 FONNAT (1H0».”—PQM-JV 132, 21705204 135 9%, SHIMP
1R2) A
244 FOrHAT (fHOa?“'“PP“—”C' SX- GRUARLUZ (LR35 1125 3% SHA! g
TAZZIDEG ), A1 a3 11H LS55 100034, 3, 84 301H. 059X, 10¢ :
245 FOZHAT (LW« T B ;10.3au7a:10.dv2Y9;10.a) !

243 FORMAT (813nﬁh>4£10.33

250 FORMAT (4210,2,12)

252 FORiAT (/. 173,7”WHCW IMNINR SLEMZNTS)

354 FORMAT (1H0. 212, TiF RO 5% 24705 8%, 44TVPE, X, PHCONTR0L » 5%Xs 2THPOLYNG!
LIal COEFFICIENTS, ~1H » 214 GHNODD, 4K, aHM0DE, 11, H(l) Sy 2HI2 1 L o F
227401 A At S5 S U )L 206G LI, 3. 3K, 2301100

236 FOTAT CIHO 207, 129 B X'IE,?K¢93v25%,un97—7'12.4’3?,33u3=;512.ﬁ'3” z
1aZ2=,z12.4)

253 FORMAT (1M 281 aHA02=,512,4, 25, 458311=,512.4, 2K, 4H4A30=,
260 FORHAT (lH s 2314, 4HA03=,212.45 24, 4HAR1=. 212,44, 2 AHALD=, T
262 FOEMWI THOs 3Ky 126K 125 (e (32, ~<a'87o<1v2 3¢ qR16=5212.

1=,212. 4,”V-”Hﬁ30—1"‘° 43
54 FORIMAT <////’ln7q0uﬁJ IMTED LIPEAR NETHORX DESCRIPTICHH
Eq: FORMAT (2%, 13564 91.1’:“<1 ‘..)a/(yl »4%,210.353%, 135550
253 FORMAT (1H0,1rHPO?| ﬂSalCthNnS.v/LPU 445 4HPOR T 3% SANI3T PATR, 2R
12 3K BHIUMBEIR 3Ks GHFROM, 24 217105 ~1H 2 3%, SC1HL Y » 3 3000, ) 15 GULHL S
2)
270 FORMAT (B4 12,514, 12,3X:72)
272 FORMAT (/77,4 A MATRLTO
273 FORMAT (10,4013}
278 FORMAT (~y 124 EIGENUALUZS)
278 FORMAT (+,2(3K»E12.4))
280 FORUAT (7, 13H MODAL MATRIM
282 FOMHAT (/7 A2, E12.3.3%,212.3))
2384 FORMAT (1HO,25HTINZ FOR FORMING 70”’°”C)y 0.4

e I I

285 FOPHMAT (14 L,ZOHTINMZ FOR OBTQTHING QUTRUT SPICTRPUM(SICY.F10.4)
283 FOMMAT (1M L, 25HT0TAL EXECUTION TTMI30).F10.1) 1
c , :
EHD ) U
SUCRQUTING DOPTHS (TITLE,D3-73, M55, M, PR PCY AP) 107 0 '
€ I in
T T R R e e S R S R R LR LR E LR R 2 L T R
c L vpoc "0 .
Ceaxxxs THIS TUD-PROCPANM FOU_QWING FUnCTion: It B “
c * 1, ST WD & 3 702 TE USEZR REAUESTID GRTCCNS.vE0 O f
c * ST I NG I OETIinNs, [ B
[ * T !
Canrnxas THIGR SUD-FROGPN 1 0
C # TIOLE (s D
c * 03 #1700 i
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|
f
|

C # v ¢ OFLAS UARIABLE FOR FRINUINCY SWET *BOP 120
c 5 e T FLAS LT PSR T INPUT SOURCES =E0P 120
C * €z T FLAS LZ FOR STATEZ ZQUATION PRINT-0UT  =LBDP 140 |
C 5 N T FLAG = o ZICINUALUZ-ZIGENVECTOR #EOP 150 :
C #* 1.‘WmAw.-0n .A’NT 097 2EOP 160 ,
C R : |n, UARINBLE FOR POLE-RISIDUT INFORMATION  #BEOP 170 ’
C = 70T PRINT-04T EOP 180 H
c * FC : FLAD UARTAZLT FOR COMPLETE SPECTRUM PRINT »o0P 12 e
C % r:j P07 =EDP 200 '
C & R 3 FLAS UARTABLE FOR vALLy PORT PRINT-QUT =LOP 210 i
C = »EQP 220 |
[ R R R S e L R R R R F L PR P R TR LR X L P T ET TP L TR A 209 1o 1= R lo]
c EOP 240 L}
IHUIBIR TITLZ(1)L D3, 73,55, PR, P0, AP, LANS(2) EOP 250 e
DOTA LN, LANS(2) /2 ES, 33 10s ECP 250 !
C EGP 270 i
Craxsmy INITIALIZI OPTION CONRILLING FLAS UARIABLES £oOP 22 i
c EOP 230 ¥
N30 EGP 200 %
TS0 EOP u;o F:
SIS EOP 220 §
e FOP 330 4
T2 ECP 240 3
VIR BGP 350
PC:2 EOP 360 :
(a2 LoP 370 A
€ £GP 38 ]
Crzwxxs DNICIT FLAG VARTAZLT UALUSS FOR THE REQUSSTED OPTIONS EOP 3S0
C LOP 400
BOP 410
T EOP 420
TEO(in N s Bty IS Roe LOP 420 ;
TSOCIDUNLE0.8H0SY GO VO 102 ECP 440 &
60 V0 104 EQP 430
102 n3=1 EGP  4G0 .
GO 7O 130 LOP 470 f
104 ISOCIDUNLE0.EX53) GO O 103 BCP 480 :
79 70 103 EOP 4S50 |
13 5= LOP %00
rea IS el Bo) BOP  S10
103 L7 LIDLILS0.84MN) G0 Yo 110 BEGP 520 i 1
GO VO 1123 LOP 530 =
110 Hi=1 EOP 540 ;
"o Y0 130 EOP 550 !
112 I7 (IDUNLEB.ZEHSI) G0 70 114 ECP 560 :
0o T 13 LoP  uv 1
114 < i) EOP 580 l"
oa 70 120 EOP %S0 '
113 FEOCIDWT Z0.2HM1 GO TO 113 EGP coo '
£a 70 120 BGP B10 8
113 el EGP €20 3
¢a TO 120 EOP 620 !
o0 IS CIDLIR.2RPRY 69 TD 122 LOP G40 s
n V0 1gd DO 630 i
122 ot TCP  BEN
LCP  Gi'D
124 LIALEHRTY B TD 1SS ECP €80
3 EOP €30
73 roP <00 »
EOP 710 ;
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128 IF (IBUM.EQ.2HARP) AP=1 EoP  r20
130 CONTINUZ £ae 20
c LR  ¥a0
Canxxx PRINT THE OPTIONS LIST L37 750
C LGP 760
132 WRITE (6,124) L3P 770
KRITZ (6,123) LAN3S(D3) £2? ¢
HRITE (6, 1EZ8) LAN3(FS) LGP 7en
WRITE (651403 LANS(IT) LGP €00
WRITZ (6,142) LANS(SI) EC? 30
WRITE (G5 144y LANSINM) LZP €2
WRITZ (6,1i45) LANS{PR) 2r €30
WRITE (65,1483 LANS(PD) GP Ean
WRITZ (B5150) LANS(ARP) £oP 8o
RETURN NS
c Eze Lo
134 FORMAT (1H0,23HUSZN RZQUSSTED OPTIONS:) [Z= ¢&
133 FORMAT (18,2418 UGS PRIMT=0UT:» 11X, N3 LTP 2o
133 FORMAT (11 , 2% 27 HFRIQUINCY SMITP CAPA3ILITY:, 1X,A3) ]
140 FORIAT (IH ,2¢ 1”H|UD INRPUT CIRCUT . 1.Aa3) .
142 FORMAT (1H ,E.;ca ISTATZ ZQUATLION FR -M' U7, 14,A32 C
144 FORMAT (I1H , 2%, SSRTICIHUALUTS MOTAL MATRINK PRINT-C =
148 FORMAT C(1H , 204, @OHOPZI-CIRTUTT 1M 9NCE VATRIN PR L
143 FORMAT (1M , 24, 30HCOMPLEZTE OUTPUT SPZCTRUM PLOT: I
150 FORMAT (1H ,2%»2rHALL ZXTRACTED PORT QUTR UTS-yl( L7 ~
c juar Rt
END 37 S
SUBROUTINT CAGMNT (K My NIKZY > NADDY ICONs JEOMH, NCT» B3R5 NFRAM NT0y TYFES ICRS i0
1CONT» UALUE, KZY) (oS <0
c (o It
[t I2IETTE LI LI EE I LRI LMD NS PRI LS SRS D LEE B SR EREELEEE L2 L L T3 2 S Y]
C * EOOG b
Cesxaxzx THIS SUD-PROGRAM PERFORM3 THE FOLLOMING FUNCTION: L0
c * 1. FORIM THI AUGHIHTID LINZAR METWORK 37 LUMPING THEZ *
c * LINZAR PART OF EACH MS“'|.E°? ELTMINT MNITH TRE £
c * EXISTING LINEAR METWOR! k8
C = v
Cauxwxx THIS SUB-FROGRAM USZS THT FOLLOWING SUBRJUTINZ: #
C * 1o CRTPRT ¥ 3
[of #* 3
Cewxmx»  THIS SUB-FROGRAIT=S GLOSSARY OF FORTRAN NANZS: .
c * e DOMUMBER 07 THID MOHLINZAR ZLENENT # -
C b It ¢ USIR SPZCIFIED DRANCH BUMIZIR FOR THE X-TH ¥ &0
C # MO IN AR ZERENT #00T KE
c * NKEY DRI OUALUT FOR THI MONUIMNEAR INT PORT DRANs 10
C b NADD : L“““-uf HICHEST D?’L; NN A 2 I TR LINzZAR 1T
c * [REN RN IERS o0
C # con i F'T?T—bujn”D“Iﬂ 2o
C = ~Con 5 kOn:’“'LI' : on
C # HeT e NUuJb? aor N
C * ARMAY NAMZ -9?333 vl oo
c ol . P
[ T IS SR LR S I R TR LR R LR R TR TR L TR LA R R EE AR L L EL L R e SN ||
[ It
¢ THTEZGER LR TWP Tl - Ea 2. 0 L T, T, 20 tey 0Tn
DINENSI0H D201 1. LERGHCL 1, (AL FYPEfl?‘ ICoHT(L: L e
NiNZNSI0N voyzol; oo T
NDIKZMSI0H v { f'w"l
COMMOI 2001 2 BT P einy, Cor a1 0. (i "
COMMOIt #0127 PZON T 320, 2200t g Foae '
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COMMON ~ENOS~, NCAP»>NDVUS, NRZS, NINDs NDCS, NCS CAG
DATA C,L.G,VUC, 15724 €24 L.2H G,a2dVC,2H 1~ CARG
DATO W NL/2HNC, 2L - CAG

CAG

#ex2APPLY N ZIRO-UALUZD CURRINT SOYRCI ACROSS THE NONLINEAR ELEMENT CAG
CRG

PTYPEZCO=TYRZOND CRG
TYRZ M =13 CAG

UNLUZ (i) =0.00 CAG

KT N) = CARG
NC3iv G NCT CAG
NCS=MCS+1 CAG

CAG

SIPINDINT NONLTNIARY ELITMINT CAG
CAG

JUZL03 GO T 104 CRG
CAG
CAG
200 D0 TV UALUZ, 17T 20M, NT0 KEY» NFROMCICON) » NTOCICONCAS
CAG
CAhG
CRG
ChRG
CAG
CAG
CAG
CALL CHTFRT (MNADDY SR, 7YPZ, UALUZ . NFROMW NTQs KEY s NFROM (JCON) s NTOCJCONCAG
1312V, 25, 0.000 CAG

IRAMSES H'CLI CAG
NCONTCST O =NCT CAG

[ CAG
CxxmxxCOIBINT THZ LINIAR PART O0F 7THE NONLINZARITY WITH THE LINEAR NTWUK CAG
c CAG
7 corFa 8) ZnN.0.00) GO 7O 102 CAG

CQLL Y:P?T 11A50, 3R, TYP I, UALUZ, NFROM. NTO, KEY, NFROM(N) » NTO(N)» 8y UCCAG

SCOFF LRI CAG
IELNT(HSDD)=JCDHT(K) CAG

JCoHT 0 CARG
HDCSﬁHDC“+1 CAG

102 :F (CO”' G 1YLERGD.00) RITURN CAG
‘ AL CHTERY (Y‘.’\D],E”, TYPZ UALUZ, NFROMy NTO» KEY, NF —\’OM(N)'NTO(N)OBOUCCpG
CO.r(' 13) CAG

winiy)

LAG
CAG
CAG
CAG
C CAG
CrexasINDIPINIINT TYPT NOMLINZARITY CAG
C CARG
104 IF (COFFU,1).50.0.00) RITURN CAG
HTYRZ OO GZ0.RCY GO 70 195 CAG
; L2N.MLY G2 TO 103 CAG
(HADDL TP, TR UNLUT, NFROM. NTOy KEY NFROMIN) « NTO(N3+ 5+ Gy CARG
CAG
CARG
CAG

T HATD, DR TYPT, VALUT . NFRGMs NTO» KEY, NFROMINY s NTO(N)» 25 C» CAG
CAG
CAG
CAG
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350
250
370
320
390
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420
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440
450
460
470
430
430
500
520
530
540
550
560
570

S0
590
600
610
€20
630
640
€50
660
670
630
630
700
710
ren
730
40
750
7E0
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780
790
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€20
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S00
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TR [ LS F RN R

MOSH 220052 BCAP VYS, TIRIS NS, MITE, R05

[RETN aw Wep Boet EHY
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KS=I7+H IDUSH T30
GO 70 110

103 MN=HC9HNICS
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o]
o

cen 1
(o ve
£en 2
Ci0 4

a

o s
OO0

Crn
Cn
Cen
)]
chn
cro
[RD)
cro
D G2

chn €4

CRD B30
cen o es

R 870
R €2

CRD €90
Ry <60
C:p €0
o €260
Ckn €20
[N I

crn €30

[}

Lo R Ny R RN R S R T RS LSl
- 0N

FQT e
¥t snengawnnnns 20

*C“' <0

ZAR NITWORWC (S GO




. e e —— — _ T ST —

ii
;
F
L4
}
ii
(-
INTEGER ER, TYPE
DIMENSION DRCLY, NFROM(1I, NTOCL)s TYPZC(1), ICONTCL)
DIMINSION upLUE(l) )
LDIMZINSION KEWUL)
COMMON ~01C - NCONT(Z22).JCONT(10)
J=1
102 J=2»J
T=NELZMAJY
15 «I.ea.05 CO 739 103
L=1
1H=1+1
104 17 (M.GT.HELEZMY G0 70 132
[
Mi{=i1
I (KEVOMYGELHNEYILYY B0 70 1923
ITENMP=IEY O
VEY M =TI
KZY (L) =1730W
TaMP=UAaL = an
URLUZ N =t 2 LY
UALLZ (L) =702
ITZHP=ERU
ERUID=BROLD
DRCLY=TTENRP
ITENP=MFION OGN
MFROM M =0TPaN0
HFROMAL =1 TEMP
ITENA=NTG )
HTO I =HT0L)
MDY =37
TTZHP =Y
TYPICID) -
TYPIOL =TTy
ITENP=ICCIH O
ICOMTCN Y- T00NT LY
ICONTrL) = /8P
! L=L-1

IF (LT, 0O 70 103
M=M-1
CQ 70 104
106 L=+
INENEES]
GO 70 104
108 RETURH

EMD
SUBROUTINEG CNTFRT (Je DR TYPE UALLUT . NFPOMNTOs KEYy N1, "2, KEYU, NT» T)

c (I
CRANARIRA A RRR AR U X RS RDN B IFIARIDARR ISR RADA SR DRI RRRERR RN NN S I U R EF SRR RN SR AR OO
Cc » £ Oy
Connnnny  THIG SLD-{P0CT0N PIDISRME TH TCLULCHTNG FUNCTIONS w(PY
. C * To 407 A BPARZH TO TRD LINIAR NETRORC, e
' C = ey
Cememexe THIW GL53-PPO0D M5 ’ L
C #+ J . LR
C * fiv oon ={0
c ” 7 Do LAV
[ s A HER AR LG
c * T i [N
C . et . LY
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Y
PR “

o,

c # ARRAY NAMZS RS DEFINED IN SUB-PROGRAM AMAIN *CPT 150
[ ® *CPT 160
7620602690 35 26 90 3 26 30 98 5800 34 3130 52 9030 S 36 DE 06 TE 20 30 S 3608 T30 303 BRI SHIE S S B S 2 Bk M R CPT 170
c CPT 180
INTEGZR ER, TVPZ»Cs»»E5 1S5,R, G UU5 CY, CTH UL CPT 190
DIMINSIONM DR(1)s RFROM(13, NTOC1)s TYPEC(L)s UALUEC1)s KEY(L1) CPT 200
c CPT 210
Ceexzx ADD A DERANCH CPT 220
c CRPT 230
J=J+1 CPT 240
CR(N=4 CRPT 250
TYPZ(J)=NT CPT 260
ULz (=T CPT 270
NTROMOD)I=M1 CPT 280
HNTOCI=N2 CPT 290
KV (=&Y CPT 300
RZTURN CPT 310
c CPT 320
£ND CPT 330
|
F
i
3
169




SUBROUTINE DFTREE (NROW,NCOL, INDCOL, A, MU) DTR i0

D7R 20
T30 98 3426 36 38 3696 36 36 3 9 34 36 3 2 3 I 36 9 65T 36 K B3 56 58 56 543 3 3 W I I3 W I I I I I I3 IR NN RN RNER]TR =0 I
c * =#DTR 40
Cexxxxx THIS SUB-PROGRAM PERFORMS THE FOLLOWING FUNCTION: ®*OTR 50
C * 1, FIND THE PROPER TRZE FROM THE INCIDENCE MATRIX. =DTR E0 :
c * *DTR 0
Cexmnxx  THIS SUB-PROGRAM USES THE FOLLOWING SUBROUTINES: *[BTR 0 b
C » 1. DBIAECH xDTR S0 !
c * *DTR 100
Cwstxnxnr  THIS SUB-PROGRAM#S GLOSSARY OF FORTRAN NAMES: ®#DTR 110
c = NROW : NUMBER JF ROWS IN THE INCIDENCE (A) MATRIX #D7R 120
c * NCDL ¢ NUMBIR OF COLUMNS IN TRZ INCIDEINCE (A) MATRIX#DTR 120 H
c » INDCOL ¢ INDEPENDENT COLUMNS OF THE A MATRIX #DTR 140 ‘
c * #DTR 150
469696 26 38 96 3630 36 063096 24 3 8 F A4 R IR AN BN BN AR TN NN RIANA R AR A XXX RR R E R R RR R XD TR 160 :
c DTR 170
c SUBROUTINZ DFTRZIE TAKZS THI MATRIK A, APPLIES SUBSROUTINI DIARZCDTR 180 i
c AND FIND3 THT TMDZFEMIINT COLUMNS Irl @ CLGSZST TD THE LEFT. DTR 1S ﬂ
c THESZ IMDIPINDINT COLUMNDS MAKE UP THE TRIZ BRANCHES. DTR 260
C OTR g:ic L
INTEGER M. INOCOL(NRQW), COL, TZMP LTR  &20 '
DIMZNSION AU, 1) DTR  &ZC
L=1 oTR s
TEMP=1 TR &540
CALL DIRZCH (NRQOW,NCOL,A,MU) DTR £50
C TR &70
c STEP THROUGH ROWS TR zg0
c LR Z£80
DO 104 K=1,NRON TR Z00
C TR Tig
C STEP THROUGH COLUMNS DR Z20
c LTR  ZC9
DO 102 J=TEMP,MCOL DR Za0
c OTR 230
c FIND INDEPENDENT COLUMNS ove o 230
C DR I
c TEST IF ELEMENT EQUAL 7O ONE 0DTR  ZE&0
Cc DR Z20
IF (AMK,J).NZ.1) GO TO 102 DTR 400
C TR 4ln .
C RECORD IMNDEPENDENT COLUMN NUMBER 0TR 420 ‘
o TR 430 !
INDCOL(L)=J DR 540 1
L=l+1 IR <30 4
TEMP=J+1 TR <20 |
GO TO 104 TR 470 |
102 CONTINUE e <8 !
104 CONTINUE IR 4se :
RETURN DR E50
C DR 510
END LR 220 *
SUBROUTINE DHYERND (MBR,NNODZ, DEBUG, NPORT L, ANSCOL, 11,4 BR TYPEs ICONT DD 0
1UALUZ, Ay BEADZRY NS, F3s FBy MU M) D= 0
C At z0
CoH 322N H AR TR TR NN IBE AR R IR X RN NN RN RRRRR RN XL <0 k
C * L] <0
Crsxnnsr  THIS SUB-PPOGPAM PIRFORMS THI FOLLOWING FUNCTIONS: L3 N | €0
c * ., PERFGRM HYBRID ANALYSIS OF THE RUGHINTED LINEAR CKT. +IDHD 0
C » 2. ACT A3 THEZ EXECUTIUZ CALLING PROGRAM FOR PTRrORMING +DHD €0 ‘
|
!
170
q
e i




c * THE HYBRID ANALYSIS. *DHD
c * *[DH
Cenunnx THIS SUB-PROGRAM USES THE FOLLOWING SUBROUTINES: *DHD
C * 1. DFTREE *HD
o * 2. DIAECH *D-D
C * 3. DPRINT #DHD
cC * 4. DRAECH *DHD
c * S. DPRNTL *DHD
Cc * *DHD
Cenxxxx THIS SUB-PROGRAM=S GLOSSARY OF FORTRAN NAMES: *DHD
C » NBR $ NUMBER OF AUGMENTED LINEAR NETWORK BRANCHES «=DHD
c * NNODE ¢ NYUMBER OF INDEPENDBENT NODES *DHI
C »* DEBUG ¢ DEBUG OPTION FLAG UARIABLE *DHD
c * NPORT1 t ADDRESS FOR LOCATING FIRST COLUMN OF MATRIX A=DHD
c * IN THE HYBRID MATRIX *DHD
c » ANSCOL : ADDRESS FOR LOCATING FIRST COLUMN OF MATRIX BxDA
Cc * II ¢ ABDRESS FOR LOCATING FIRST ROW OF MATRIX A #DHT
C * ALL OTHER UARIABLE NAMES AND ARRAYS AS DEFINED IN SUB- #DHD
Cc * PROGRAM AMAIN *DH
C * *DHD
C26 30034 96 3669836 3636 56 96 96 36 9036 26 36 36 36 26 16 3603 6 3 96 36 S J 3 36 6 4036 3 3 3 I SEF I H T N X R L AR R F RN NRHHL D
c LHD
INTEGER A, TYPE, ICONT, UH, CHs DCOL (75), ICOUNT(2), COUN, BEGIN, TEMP, ST, TOHD
1N, TP, PORT s HEADER, BRy RBR( 753 » ANSROW, ANSCOL , DEBUG, ISTP 3D
INTEGER RsG,C,E,CU»UUsCC, UC BHD
DIMENSION BR(1), TYPE(1), ICONTC(1) DHD
DIMENSION UALUE(L) DHD
DIMENSION A(MU, 1)s HEADER(300) DHD
DIMENSION ANS(ME, 1) DHD
DIMENSION F3(ME,1)s FB(ME, 1) D-D
COMMON /ETYPE/ R,G,L,C,E, I5,CU,VUY, CCHUC DHD
DATA CH» UH-1HI, 1HY~ DED
DD 102 I=1,NBER DHD
DCOLCID=0 jatadil
102 RBR(I)=0 DD
C =D
c DETERMINE ELEMENTS MAKING UP THE TREE DHD
c nHD
CALL DFTREE (NNDDE,NBR, DCOL, A MU) =D
c 71D
[ REQORDER A MATRIX INTO FOUR CLASSES DHD
C =D
c 1. TREE PORT BRANCHES (TP) DHED
c 2. TREE NON-PORT BRANCHES (TN) DHD
C 3. LINK NON~PORT BRANCHES (LN) DHD
[ 4, LINK PORT BRANCHES (LP) DHD
[ DHD
Cc DCOL CONTAINS ORDERING OF A WITH TREE BRANCHES IN LEFTMOST T~D
Cc COLUMNS BHD
[ DD
JJ=NNODE+1 DHD
N=1 LHD
Ng 106 Jd=1,NNDODE DHD
M=DCOL () DHD
DO 104 K=f. M DHD
IF 1,7, K) GO TO 106 DHD
NCALC L =K DHD
[ ] D
"’ HD

BHD

S0
100
110
i20
13
140
150
160
170
180
200
210
€20

20
240
c30
£e0
270
€20
280
300
210
220
330
240
250
350
70
a0
380
400
410
420
430
440
450
4EQ
470
480
4S0
500
510
520
520
£40
350
560
570
580
590
600
610
620
630
640
650
650
670
680

o

,j
|
4
A
{
%
4




eluieivis]

Oo0ao0

108

112

116

118

120

Do 108 I=N,NER DHD 650
DCOL{1)=] GHD 700
DHD 710 '
PEORDER DCOL INTD FOUR CLASSZS DHD 720
ICOUNT (1) MARXS LAST PORT COLUMN OF TREE BRANCHES DHD 730 ‘
ICOUNT(2) MARKS LAST NON-PORT COLUMN OF LINK BRANCHES DD 740 4
DHD 750 v
ICOUNT(13=1 DHD  7E0 )
172=MN0DT DHD 770 '
1=1 DHD 780 1
Do 1 DD 790 -
Y DHD 800 4
ITEM=DCCL (M) LHD 810
TF OVYPIUITEM) WNTLT.AND. TYPECITEM) JNELCLAND. TYPECITEMY L NE. L. ANDDHD 820 4
LTYPECGITIMYLNZLIS) B0 TO 112 DHD 830
TTINI=ICOMNTCID DHD 840
PCOL MM CHD 630
DoOUCITEMI Y =TSN p=D €60 '
TCOUNT (I =ICOUNT(T1+1-((I~1)%2) DHD &7 b
CONTINUI DHD 880 k
iIF (1.50.2) G0 70 114 = 830 {i
TCOUNTO1)=IC0UNT (23— DHD S00
ICOUNT (2)=NER DHD S10
IT2=MiR-NNODE DHD  S20
=2 DHD S30
cO 7O 110 DHD 240
DHD 950
RICRITR THT A MATRIX AND THE ORIGINAL LABEL UVECTOR TO DHD S50
CORRTSAOHT 7O THE REDRDERED DCOL D40 970
DD 980
Nil=2 DD S20
N=1 D+D 1000
BIGH DHD 1010
cov DHD 1020
iTE H DHD 1620
i .PZCIN) GO TO 120 DHD 1040
1 DHD 1050
ok DHD 1060
BRY DHD 1070
D DHD 1080
DHD 1090
DHD 1100
ACS ITEI=TENP DD 1110
COL; -COUM L DHD 1120
DCOLITh ==-0C0U () DHD 1130
N=1T2H DRD 11<0
Ga 0 116 DHD 1150
DEOL (1) =~D2OL (1) DHD 1160
3 LTO.GIER-1)) GO TO 185 DHD 1170
po it =i 52 pHD 1180
THODROL (L) DHD 1190
(17<H.£0.1) GO 70 1°2 DHD 1200
T OCTVIMLLT.NY GO VO 124 DHD 1210
DI0ii=T DHD 1220
1 DHD 1230
3 70 116 DHD 1240
COUN-COU +! DHD 1250
[COL Ty ~RCOLCTY DHD 1266
i1 DHD 1270
COMTTIILT DHD 1280
172
/

O e el e i ubitde A =i e




e v— e e

oo o000

In¥eivivivivieiy)

aoo0n

188 N=1,NIR

DL =IRB3{DBCOLINY)

(W%}

REBUCZ RZIORDERID A MATRIX TO ROW ECHELON FORM
CALL DINZCH (HNDDZ.NER» A MU)
BACH CUD3TITUTZ A MATRIX

B0 1320 1=2,[NQ2E

FORVMULATI THE ZLININT CHARACTERISTICS

COLUMNS IN F1 aND 75

FOCOLUNNS IN F2 AND 73

= IR GF COLUMS IN F3 AND F7
FIUTIBIR OF COLUMNS IN F4 AND 78

RIRGR
LOOUNTCD)
PO -NHDDD
QUNTI

2020
i © 6070 122
IDUG.MIL1IY GO VO 132
(By271) (ER(III=1,TH

1.7,

YR

GO TO 24
.1y G0 7O 124
Y (DROTY T4, NNOBDD

C3 70 123
TILiY CO V0 125
5,203 (DRI IEde )

.0y G2 T 123
IDUNS.nILi GO 70123

RITI AG-TIOY DRI 10 MERD
PROIN S ST I FHE NN

DO L0 T=1, AMIRNN
03 Iaa Cel NGl
LN
P13, ORT

173

DHD
R0
DD
DHD
Dwn
=D
DHD
DHD
DN
DHD
D
DHD
DT
IHD
DHD
DHD
THD
LD
nHn
D
DHD
LHD
DH
=1
ol
DHD
BHD
i
LA
D
DD
DHD
-0
DHD
cun
PHD
nHD
DN
rn
-
DH
D
DN
LT
e
[t
ren
o
D
|URR]
mn
hin
I
[
pen
pn
[n
DD
DHD
DHED

/

1230
1700
1710
1220
1230
134

1350
1360
1270
13849
1290
1400
1510
1420

1470
14380
1150
1500
1510
1520
1530
154

1250
1550
1570
1SE0
1450
16500
1616
1e2a
1630
160
1Gno
1650

1600
1C50
1Can
1 PRRIR]
.10
1000
oa3n
1.0
1700
1UEN
N
oo
1. %0
1400

181
1€20

63N
1840

a0
YEER
1870
1880

T M e o i),

1

L

|
;

alaa.




OO0 Oon

ao0

ano GO0

aoao

148

148

150

152

154

156

KOUNT=ICOUNT(1)
K=0
J=1
DO 145 I=1,NBR

ITEM=BR(I)
RBRCITEM)=I
IF (DEBUG.NE.1) GO TO 148
HWRITE (6:282) TP»TNsLNsLP
WRITE (6,284) (BR(I)»I=1,NBR)
KOUNT={0OUNT+1
MM=DCOL (KOUNT)
ITEMP=ICONT (MM
ITENMNP=RBR(ITENMP)
IT1=PORT+J

IF (TYPEWM).EQ.G.OR. TYPZ(MM).EQ.UC.OR. TYPE(MM).EQ.CC) GO TO 152

UDLTAGE SOURCE TYPE
IF (KOUNT.GT.NNODS) GO TO 150
F2

ITe=L+J

ANS(ITL, IT2)=1,

IF (TYPZ(MM)Y.EQ.CU)Y GO TO 153
IF (TYPE(HMILEQ.UUY GO TO 165
FB(Js ) =-URLUZ (MM)

GO 70 156

K=K+1

F30d,10)=1,

IF (TYPZ(MM).EQ.CU) GO TO 153
IF (TYPE(MM).EQ.UU) GO TO 155

F7

ANS(IT1, K)=~-UALUE (MM)
GO 70 156

CURRENT SOURCE TYPE

IF (KOUNT.GT.NNODEY GO 7O 154
F6(JsJI=1,

IF «TYPEC(HMM).EQ.UC) GO TO 165
IF (TYPE(M) .EQ.CC) GO TO 158

Fe

1Te= N+J

ANSIITL, IT2)=-UALUE(MM)
GO 7O 1S6

K=K+1

F7

ANS(ITI.K)=1.

IF (TYPZ(MM LEQ.VUCY GO TO !
IF (TYPECMM).EQ.CCH GO TO 1
F3(Js iy ==UARLUE (M1

J=Jd+1

If (KOUNT.NE.ICOUNT(2)) GO TO 148

174

DHD 1€20
D=0 1800
pHD 1Si0
r-D i<20
[=D 183
DD 1240
DD 1€30
IhD €30
pHpoLer
DD 1S3
DHD 183
D=D 2000
[H0 =00
L-D 2020
LD 2020
e 2040
CHn 2050
LHD 2030
Can 2000

1t
Las
yrenem
R ]
(=N O N
oo

nbrieinlnlsiyislaiois
N T T oo - N il :4_ :1-

I




OO0 OO0

lelwinl

OG0

OGO

GO

[winlin]

[wEwXw!

158

160

164

165

163 1

170

i
N
n

174

et =1 GY D -1

=t =t G

~ o0~

o 70 174

CURRZNT CONTROLLED
IF (ITEMP.GT.TP) GO TO 160
FS

NPO°"+7|FWP

1T, I72)=-URLUZ (MM
185

ZiP.GT.NNOBZ) GO 70 162

EMP-TR

')~*Uﬁ' Uz i

wn

"MQzZ -t
r~xn—!t_1 -3 =)~ (]

~u
pxo' ~UMCJ~

T n..G‘ TTOUNT(2Y)Y GO 7O 164
ZiiP-MNODz

i

IT2=MBER+TP+IT
ANSCTITL, IT2)=-UALUZ(MM)
GO 70 195

UoLTRCT CONTROLLED

IF (ITEMP.GT.TP) GO 70 183

=-UALUZ (M)

T.ICOUNTI2Y) GO 70 172

IT=ITIN ‘“Du_
F3(d, 1 ~”P‘“"(Hﬂ)
GO 0
IT=I7EnP-IC0UNT(2)

ra
ITE=NPORTHTIALY
AUSOITL, ITRY -URLUZ O
[ NS T A

7 (RIPUGLNMELLY GO 70 1838
17 (LIL.EQ.0) GO 70 184

175

DHD
DHD
DHD
DHD
DHD
DHD
=D
DHB
DHD
DHD
DRD
DED
bHD
DHD
DHD
DHD
DHIT
DHD
DHD
DHD
DHD
bl
DHD
oH
4D
DHD
DHD
DHD
DHD
DHD
DHD
DHD
DHD
DHD
DD
DHD
DkD
DHD
DHD
DHD
DHD
DRD
DHD
DHD
DHD
DHD
DHD
DD
DHD
p=D
DHD
DHED
DHD
DHD
DHD
DHED
D
LCHD
CHD
J1R88]

2490
2500
2510
2520
2530
2540
2530
2560
2570
2580
2590
2600
2610
620
2620
2640
2650
2560
2670
2630
2630
2700
evlo
Pryel]
2730
2rao
2750
2760
g}
2780
230
2800
£810
2820
2830
2840
2850
2880
2870
2E20
£830
2200
2310
2920
es30
2240
2950
2950
csrr
2580
2990
3000
2010
2020
3030
3040
3050
3060
2070
3080




Cc -0 | 3
c WRITE F3 FOR DEBUG RUN D 2 i
c 0 f
WRITE (5.285) LDz !
1T1=1 L4 e
176 IT2=LN -0
IF ((IT2-IT1).GT.10) GO TG 180 DD

IF (172.E0.IT1) GO 70 184 jen)

WRITE (6,283) DD
DO 178 I=1,NPORT DD
178 LRITE (6»230) (F3(I,J)»J=ITL,IT2) “D
GO 7O 184 =D
180 IT2=IT1+3 i '
WRITE (6,233) LD e ' g

DO 182 i=1,NPORT )]

182 WRITE (6,230) (F3(I,Jd),J=IT1,IT2) AT 4
IT1=1Ta+! pHD 223 -
GO 0 16 £en {
184 IF (TRP.ED.0) GO 70 194 ren 4
c [=0
c LRITE FS FOR DEBUG RUN rin
C -0
WRITE (E.292) DHD
IT1=1 _
186 172=TH _ .
1F ((172-171).GT.10) GO TO 180 o x
IF (I1T2.£0.171) GO 70 194 .
IRITE (G»233) N
DO 1E€3 1=1,HPORT w
183 WRITE (G+290) (FE(I,J)»J=IT1,1T2) 8 :
GO 70 1S5 % !
190 [TR=1T1+9 L 5
LRITE (G,288) . .
DO 192 I=1,0{FORT 1 I
192 LURITE (Gs290) (FB(T,J)sJd=1T1,172) 8 1
IT1=1Ta+1 X
GO 70 186 .
184 WRITE (6.294) uD ;
CALL DPPIHT (ANSCOL. ANSROU, ANS, ME) ) 1
c )
c ZEPO OUT FG oD
c £ i
196 IF (TH.EB.05 GO TO 20S L !
DO 204 J:1.7N ran
KE=TP+J ren
DO 204 [=1,HPORT )
IT1=PORT+1 ) 4
IF (LH.EQ.0} GO TO 200 [#0 253 |
c LHD v !
c CHANGE F7 [un a0
C DD -use V
DO 193 K=1,LN PHD 254 h
LF=1{NODE +K ron T 1
193 ANSIITI.I)=ANS(ITLeK)I-(FB( I, JV#FLOAT(AIKKILY))) [Hn Lo
200 IF (LF.EQ.0) GO TO 204
c
c CHANGE FB
c

DO 202 K=1.,LP
LY =ICOUNT!2)+K

176




GoOa

]

Tt Ol

202
204

n
o
[}

2083

GO0

[N

OO

Coo, .,

210

M
g
0D

223
230

ITE=NDR+TP+K

ANSCITE, I1T2)=ANS(ITL, ITRI-(FB(I, JI*FLOAT (A(KK,LK)))

CONTINUZ
ZERD OUT 73

I7 (Li.Z3.0) GO 70 215
po 214 L

ir \nn._D 0y GO 7O 2:0

DO 2i2 K=1,7P

— (4
Llp MoR+K

ANSTITL, TT2)=ANS{ITL, IT2)~(F3(I, #7LOAT (ALK, LK) D)

CON»»HL;

"1

ILL AN3 MATRIK
IF7 (DZDUS. FT 1) GO 70 213

LRITE =)

ChRLL P’“ i fQN:: L, ANSROW, ANS, MZ)
I7 (L. Z0.0.6R.TP.20.0) GO 70 222

STORT D!

DO 220 1=1,7P
0O 220 U i

LF-
le_lu "‘
17 (17Z1P.GT.FORT.0R.LC.GT.NPORT) GO TO 226

S7TCRZ -D31 YRANSPRSE

Do 22 PO

e P41 M0DT
Do &2 RT
ANHS KR
o, T 229

© ATRTC ARQUE £S5

35,10
i 0.0, G 7O 224

177

I, JI*FLOAT (~A(KK, LKD)

DD

DHD 27
=D a7

£AD

=D 2

BHD
e )]
Ll
3]l
DHD
DHD
L£HD

LHD 36

DD
DHD
D
LHD
et

DD Z

-0
LD
D)
Den
oHD
)

]
I

DD 3

THD
DD
DHD
DHD
=D
B
DHD
DHD
D+
DHD
=D
HD
LHI
D
PHD
DRD
CH
DHD
)]
D
KD
DD
nHD
DN

omn 42

=D
)

I+

DHD

auza
S020
LU40
4050
$0C0
4070
apen
4080
<100
G110
4120
G120
4140
4150
4160
4170
5130
4190
4200
4210
4cR0
q2ENn
40
aeho
<260
4270
4280




plinly]

elnig]

oo0Oo

Oono

OO0

232
234

236
2338

240
242

244

248

248
250

252
254

STORE UNIT MATRTIX ABOVE F4

II=TP+1
DO 232 I=I1,PORT
LD=NPORT+I
ANS(I,LD)=1.0
ITEMP=TP+]
LF=LD+TP
LE=LD+1
IF (ITEMP.GT.PORT.OR.LE.GT.LF) GO TO 238

STORE -D2 TRANSPOASE

DO 236 I=ITEMP,PORT
JJd=T-1ITEMP+ICOUNT (2)+1

DO 235 J=LE.LF
II=d+1-LE

ANS I, Ji=~H01T, 00

LE=LF+LP

LD=LF+]

IF «TP.E0.0,0R.LD.GT.LE) GO TO 242

STORE D2

DO 240 1:=1.7P
DO 240 J=LD,LE
K=I1COUNT(2)+1+J-LD
ANS(I, J)1=RCI.K)
IFf (DEBUG.NE.1) G0 TO 244
HRITE (E,238)
CALL DPRINT (ANSCOL» ANSROWs ANS»ME)

REDUCE ANS MATRIX TO ECHELON FORM

CALL DRAECH (NBR, ANSCOL,» ANSCOLs 1+ 1+ ANS,MU»MED
ZERO=1.00600E-15
IF (DEBUG.NE.1) GO 70 248
WRITE (6,300
CALL DPRINT (ANSCOL»ANSROWs ANSs MED
D0 248 I=1,.NBR
DO 248 J=1,NPORT
IT=NBR+1-1
IF (ABS(ANS(IT,J)).LE.2ERDY ANS(II,J)=0.0
IF (ANS(II,J).NE.D.) GO TO 250
CONTINUE
11=11+1

FILL COLUMN HEADING UVECTOR FOR FINAL DPRINT OUT

J=0

If (TP.EQ.0) GO TO 254

DO 252 I=1,7TP
IT=2%]
HERDER(IT=ER(I)
HEADER(IT-1)=CH
12=2#%(PORT+1)
HEADER(I2)=BR{1)

HEADER(12-1/=H

IF (LP.EQ.0) GO TO 258

178

DHD
aieds}
=D

DHD 4

DHD
D+D
DHn
=D
DHD
DRD
OHI

bty

THD 4

| St}

INST I

(R3]

DHD <-ir
DHD GeCs
LAD -
RN ISR
L s

D=

LD =%

[ id}
DD
=D

LD

RN qle

LHD

DHDY w52

LHD
Y]
8]

JLLBI IS

DHB

DHD
r-n
=D
T'HD
DD
pun
DHND
pHD

=D
DHD
o-n
DHD
oHD

=D
oHn
DED

)
DPHD

=0
DD
DHD
oD
DHD

4080
avun
4010
Sren
G20
Ba
S50
RSt
4

trart
G750
4090
4800
Qo0
4820
<830
4840
<850
aB50
4870

48680

£

X o WO

— e




1EADZR{I2)=ECi

BRANCRZS, /20014, 12))

BH LN = ,13/,

BH LP =

253 HEADZR(I2-15=CH
238 IT=4=P0RT
WPORT1=1PORV+
DD 230 '—'-;Ndu
DO 250 J=NRPCRT1,ANSCOL
2380 I7 (ABS(ANS(I»>J)).LE.2ERB) ANS(I»J)=0.0
I7 (DZBUG.NZ.1) GO TO 232
c
c DPRINT FINAL ANS MATRIX FOR DIZBUG RUN
c
CALL DPRNTL (I7T,NPCRTL1,»ANSCOL, ITsNBR, HZADER, ANS, ME)
252 17 (II.ED.NBR) GO 70 235
c
C BACK SUBST TUTE FINAL ANSHER MATRIX
C
ITI=ANSRCW-T1+1
I72=1i+1
B0 264 I=172sANSROW
c
C ANSCIRW, ICL) IS PIVOT ELEMENT USED 7O ZERO ELEMENTS ABOUE
c
TRM=ANZROWFTT2-1
ICL=NPORTHITIHIT2-T
IT3=IRN-1
c
c J=R0O NG OUT ABOUZ PIVOT
c
DO 284 =II,173
B=ANS(J, ICL)
C
C K=COLUMM CHANGING OF J7TH RON
C
DO 2G4 K=ICL,.NNH3COL
254 AN (I I =ANS (S, K)-B*ANSIRM, K
€55 DO 263 1=11,MBR
DO 283 =NPORT1,ANSCOL
€83 I (ADS{ANS(I,Jd1).LZ.2ZR0) ANS(I»J)=0.0
c
c DPRINT FIMAL AN3 MATRIX
c
IF (DIBUG.NEZ.1) GO 70 270
CALL DPRIHTL (IT,NPCRT1,ANSCOL, 1T1+NBR,HEADER, ANS, MED
270 RITURI
C
272 FeRvAaT (IHO///W
274 FORIMAET : Z PCRT BRANCHIS, #30(1X,12))
275 FaRinT T g PO?T
273 FORMAT RENS HOH-PORT BRAMCHES, #30(1X, 123
280 FORNMAT (1149, 18141110 PORT BRANCKES, #3001, I2))
2282 FORIMAT CiHN,  SHTP = L I3/ BH TN = 5137
1,132
179
= e, W W AT S e y sk

BHD
DHD
OKD
DHD
DHD
DHD
DHD
DHD
DHD
DHD
DI
DHD
DHD
DHD
DHD
DD
DHD
LHD
-
DHD
DHD
DHD
DH
DHD
DH
D+
DHD
DHD
DHD
DD
LHD
=D
=D
LD
DD
DHD
LCHD
DHD
DHD
BHD
DHD
DHD

D-D
BHD
IHD
DHD
DHD
DHB
BHD
DHD
DHD
o

DHD
DHD
D

DD
DHD
DHD
DHD

4830
43800
4910
4920
4820
4840
4850
4860
4970
4S80
4S80
5000
5010
5020
5030
5040
5050
5060
5070
5080
5030
5100
5110
5120
513

5140
5150
5160
5170
5180
5180
5200
5210
5220
5230
5240
5250
5280
5270
5280
5230
5300
5310
5320
5320
5340
5350
5360
5370
53280
5330
5400
5410
54290
5430
5440
5450
5460
5470
5480




284 FORMAT (1M0, aHER, 40014

2S5 FORIAT (/+7, 184 F3 BIFCR _éreomr:,)
888 rOuu. (’X
590 FORMAT (14,10(511. 45140

292 FORIAT (///, 124 78 B
284 FORMAT (777, 264 N3 I

€935 FOR

293 FORINAT (7775 Z3H ANS

300 FOR

END

AT (777, ESH GN3

MAT (7775 TBH AN3 HQT?EX ’*JUC_] 70 C:H:LGJ FOM

SUBROUTINT DIAZCH (NROW, NCOL, By (1)

c

9636 5636 36 4 26 3 36 336 36 36 2832 30 20 20 30 20T T2 0 S0 S0 E A0 T2 S S0 SE DTS SE A SR A0 TN S 06 6 22 T 2 TN NI
[ *

Crxaxxr  THIS SUB-FROGRAM PIRFCRAS 7

c * 1, RANIPULATZ ThZ IH:I HELON FORM
C o+

Crexnxx  THIG SUB-PRACGRAM<S GLOB3AIY GF FORTRAN MANMIS:

c * NRCN DONUMZIR OF ROM3 M THZ AR MATRIN

c * HCOL TOPMUMBIR GF COLUMNG 10 THE & HATRIX

C b3

O3 % 32 566 T 33 2033650 20 T30 0 TS0 SH S SR S SRR RN T IR S R A N S M AN R NN

C
C
c

INTEGER A>T Gy GPLLUSS P B
DINZNSIoN ﬁ’h 1y 1
=1

G=1

102 DO

[nXeXy]

104

aco0

108

108
110

[uinlyp

112
114

SUCRQUTIME DIAZCH MAMIPULATIS BATRIN A IT0 ZCHILON FORM

INTERCHANGEZ I AND G ROYW TO GZT NOMZIRO PILOT

I7 (I.E0.G» €O 70 103

nog 104 L~L;HCOL
L=A(T,0
AT, =G K)
AlGs 7 3=3

COMTINUZ

NORMALTZZ NOW 7O GET POSITIVZ NUMBZIR FOR PIVOT

IF¥ (ACG,CY.G7.0) GO 73 110
DO 103 K=C,CCL

ACG, 1) ="N(G-0)

IF (G.GE.HROM) RITURN

ZERO COLL DILgW PiuoT

GPLUS1=0C+1
D3 ti4 P=CPLUSL. 10
Lot )
= Ta 114

s JL:—C':;'V,'J’:\,“'l,‘”r’;:()

180

Sp R imtnt gy et e

B T A T oy

DO DO D

[}

iy

<
=
G
v
—-
[
c
6

[ORSIGR I

DO

AsnY ey ey s

LS00
RN
a0




GQ 70 102
CU‘( TINUZ
07 (GLGT.NRCHY RETURN
C=C-+1

(-

(=
0]
1ot

Jan o Novilon R N e Row e
IITITITX

GJ 70 103 :
c i

=) iH

CUTROUTING DPRINT (ANSCOL, ANSROUs ANS, ME) =

0

B R D S L e T T TN ATy ey
#LPY

MW PZRFORMS THI FOLLOWING FUNCTION: ®DPT
HIOZHTIRT HYBRID MATRIX FOR DEBUG RUN, s 0Py
®#DPT

THIS cUD~ FRDJT\ng C Q33ARY GF FORTRAS Uq?IAB I3 =R
NN R : = FOCALUMNS I TiT HY3R I](nNS) MATRIX *D?T
ANMTRaN T RONS IM VII HVY3RID MATRIX *DP7

*ETT
LSRN XN F R RN RF AR m R HRn]PT
ey

CUBRSUTIMNZ DPRINT DPRINTS THI ZMITIRT ANS MATRIX LPY
Y

PRINTS ANSROW ROWS BY ANSCOL COLUMNS e
PT

OOOOOGOO0HH0H000
; s

ZEEIR ANSCZOL,AN3RCW e

:lID—DAO f\ua‘)(ln.'__.vl) I' T

: L=

102 PT
2-1712,5T7.9) 50 70 105 e

1,171 RZITURM jale

C Jueh
£ 10 COLUNMNG LZFT 70 PRINT TP
C Py
Ry

Huuﬂw e

(ANGLI, ), J=171,172) TP

Ry

35

2 L7
[ MORT THANM 10 COULMNS L=F7 70 PRINT IvaE)
I PEY
LPT

; LPT

1038 U ST, J=IT, 172 LRy
ey

LPT

[ LeT
LI FORVAT (LX) DRT
1172 FORMAT (135, 100211,45 04)) P

N IeT
o M SRY
CUDRAUTING PPRAHTY (MTR,NTL1.ACL2, ARN L, ARWE, HEADER, ANS, MED LRl

[

S R T T L I I I Y Y T iy

!
(27 FUD-FRASTAN PINFOTHS THT FOLLAUING ”U””TTOH. «TP]
1. FRONT THI DISIRID PCRTICH OF THE HYIRID MATRIX. TP
FpP1

THIG €UT-PROINANRS GLOS3ARY OF FORTRAN HANCS: «N@1

N i R DOTOVAL TLMSIR 0F COLLMNS Tt THE DESIRED PART  #DRd

181

en
ca
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i
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c » ACLY : FIRNST COLUMN OF THE DTSIRTD PART #1100
[od * ACL2 t LAST COLUMM OF TiHZ DISIRID PART #OPL 110
c * AR P FIRST ROW OF THZ DEISIRED PART [Pl 120
c i* AR ¢OLAST ROW 0F TRZ DIS3IRED PART #DP1 126
C * RZADER P COLUMY HMZADING UZCTOR PP 140
c * ANS OHYBRID MATRIX #DP1 iS50
c #* = ¢ RGM DINMENSION OF ANS I THE CALLING PROGRAM +#CP1 160
C L #DP1 170
CF 220 0630 36 3636 36 3 3035 30 76 3434 2000 06 30525 SH 2655 30 236 2S00 S0 R ITIS E 30 S SE R NS RN AR AN NN NN RN ]DP] E0
c [RP1 120
c SUBROUTINE DPRNT! PRINTS ONLY TiE DISIRED PART OF THZ AND LFL 200
C MATRIX DISCRIBING THE PORT EGUATIONS ALONG NITH THI COLUMM P 2:0
c HZADINGS LPi 220
C [Pl 220
INTEGZR A, HIADBIR, ACL 1. ACL2s ARWL, AR, HBR 21 y
DIMEMNSION HZADIR(300) LP:
DIMENSION ANS(MZ, 1) Pl
ITM2=ACL1-! res
ITi=1 Lei
102 I172=HDR L=
IF ((I72-17T1).67.19) GO 70 108 LRl
IF (172.20.IT71) RITLRM LPe
C o=
c LESS OR £QURL 10 COLUMNS TO PRINT LRl
c L2
VRITE (6,110) (HEADIR(I1),I=171,1I72) LRl
ITMI=1Ti2+1 LR
DO 104 I=ARN1,ARLZ2 1
104 RITE (5,112) (ANSLI., S=1ITM1,NRCL2) L1
RETURM I'=i
106 IT2=IT1+19 LR:
c L=1
c MART THAMN 10 COLUMNS 70 PRINT L~
c el
HRITE (6,110) (HZADZR(II.I=1V1,172) [Pl
ITHM1=T7TH2+1 Pl
ITM2=1TNM1+9 L2
D0 183 1=ARMHI1»ARWZ I
108 NRITZ (6,112 (AMN3(I«J)»Jd=1TM1, ITH2) !
IT1=1T2+1 ik =
GO TO 102 [=: oo
C rei ¢io
110 FORMAT C(1H0, 10(4X,A1,12,54)) Lol Lo
112 FORMAT (1H0,10(211.4, 1)) [P: 30
C P w40
[ ) Ak [t}
SUBROUTINE DRAECH (i1 M, MARK, ROW1, COLLs AD, MU ME) ]
C
Co 9 712205030 5+ 20 21300 2P 2 2T I SE 262 200 00 20 0 00 SE JESOSHE SR TS0 SE RN R S A N A A AR A SRR N R RN E SRR RNFERRE ST 4
c * S
Cwmxansr  THIG SUB-FRAGRAM PIRFORMS THIZ FOLLOMING FUMCTION: s
c b 1, OFIATZ 0N 7 ROWS OF Tz HYERID MATRIK 70 RIDUCT IT #ITH R
c # TO ECHZLOH FCRM LB RN
C = L2 MR
Connraxs  THIS SUD-FPROCRAM#S CLOSGEARY OF FORTRAM MNAMIS: #1700 i
c * 11 OLAST ROV NUMLIR IV ECHELON PART CF HYBRID MRV
C » I LAST ROY HUNMBIP FOR 20N 0RIRATION LENNH
C # MARY tOLGST CO-UMi NUMBER 10l ZCRZLGr F3ORM AT il
c i RO ©OTINST ROW MUM3IR IN ZCH i FORM BATRIN s
C * coll ¢ FIRST COLUMH MUNDER 7 2CHZLTY) FORM 1aTR™ Vi
182




'
r
c w® ALL OTHZIR VARIABDLE NAMIS AS DIFINID IN SU3-PROGRAM AMAIN *DRH 150
Cc * #DH 160
(ML LT S RE T R R L DD 2R PR PR P e PR P LT PO ESE TP T ST T T2 230 170
c DRH 180 ,
DIMZNSION ADMZ. 1) DRH 150 K
INTZGEIR Cs G5 GRPLUSL,PHRONL,COLL DPH 200 ‘ﬁ
c TH 2lo e
E DRAECH FIRFCRMNS RCH CPIFEATIONS OM A 70 REDUCE A TO ECHZLON FOPDhn 220 V
B 220 !
C COUERMS CCLY 70 MARK NRZ RIDUCIZD 7O R0W ZCAZLON FORM WHILE 7 H 40 7
c RO CPIRATIONS ﬂmf ARRTIT CUT ON THE ROWS FR3OM MARK + 1 10 N DPH <50 i
c RAMS RCHL 70 11 ARZ RIDUCZD 7O RO ”CW_-DW FORM LRH a5 i
C G I8 VRI RO N MHICH VT ART DETIRMIMING THE PIVOT POINT LRPH 270
c C IS THZ COLUMM Ift NHICH NZ ARZ DETIRMINING THZ PIUST POINT DPH £g0 :
c bR S0
C=CoLl-1 DRH 200 1
G=RAM1 e 210
102 77 (2,E0.MARK) RITURN DRH 320 vi
C=C+1 IRH 230 i
c LRH 240
C FIND THT MAM NONZIRD ZLEMENT IN THE C COLUMN BELIW AND DRH 350 :
c IICLUDDIG FIVOT DRH 260 "1
c DRA 270
DRH  Z80
CRH 380 5
DRH <400 1
DRH <10 1
23) AN(I,CY=0.0 DRH <20
» GO 7O 104 DRH 420
IRH 440
DRH 450
104 DRH &G0
R <70
C BRH <80
C T IS TN THZ PIVOT ROWs, DO NOT EXCHANGE ERH 480
[ DRH SO0
[ BDRH 510
IT (1.20.6) GO V0 103 DRH G20
[ DRH  S30
[ TUOMANTI PIVCT 2OW MITH ROW BAUING NONZERO ELEMENT IN PIUOT DRH 540
[ ) i DRH 550
C LRH 560
DN S¥0 Y
DRH E£80
D 5Sa
DRH GO0 ;
c DRH  Glo i
c CHZCK 7 PIUOT POINT ALRZADY NORMALIZZD 7O 1 DEH 620 ‘
[ LPH B30
02 IF ADG-TH.ETL YY) GO 7O 112 DRH 640
[ oRH 630
[ HOTWMELIZT PTUNT 20U DRH EBO *y
2 PR 670 1
ALFASNT0S DR 680
nJ 1‘7 i | DCH  B6S0 J
75X e G PEn DRH 700 f'
110 iF 6D STAD\u,\;,.t_ ZIRD) AD(G,K3=0.0 pRH 710
r LGH 720 i 1
[ CHIT 17 JUST MNIRALIZIn PIUDT IN LAST ROW CPH 730 ;
c DRH 740
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112 IF (G.GE.M) RETURN 20
c TG0
C ZERD THE ELEMENTS BELOW THE PIVOT 70
c Lzt 720
GPLUS1=G+] B3 FEn
DO 116 P=GPLUS1.M D4 E90
B=AD(P.C) A RO
IF (ABS(ATP, TN LELZERDY AD(P,C)=0.0 L g20
I (AB3{(ADP,C)3.EQ.0.0) GO 7O 116 L EzZo
Do 114 K=C,N A B SR
114 ADCP, K)=-B=AD (G, [ 3+AD(P, X) [RH 830
116 CONTINUZ RH €2
IF (G.GZ.M) RZTURN o E70
G=G+1 Lo CB30
GO 70 10e D3t &30
c e Coo
EM3 | N F IO AT ]
SUEROUTINI ZSTATE (NPORT1,ANSCOL, 1I,NIR,»NSU, DEBUG, Ay B»Cs Dy UALUZ, ANZET in
15, ME, NS, HP) EET =0
c
(36 9 3636 3 3 2 % 3¢ 36 0 31 56 3 S5 9626 50 583 06 232 345 6 T2 B0 RN FEE R MM A NN I AT AR XA AR RRR TR
[ *
Cxxsxxax  THIS SUR-FRIGRAM PIRFORMS THT TILLOWING FUNCTIONS:
c 3 1. OB7AIN THI MATRICIS IM 1'% S7ATZ SPRCE REPRESENTATION
c * FOR THD AUGHMINTID LIMIAR HITHORK.
c * 2. FRIMT THE STATI SPACI DISCRIPTION, IF REZCUESTED.
Cc *
Caexxxz THIS Sl RY OF FORTRAN NANMES:
c * e ) FOR LOCATING FIR3T COLUMN
c * NS ADDR FOR LOCATING FiR3T COLUMN
[ * iI ADLCRZSS FOR LCTATING FIR3T R3OW OF
C * MoR OT0TAL MUMDIR OF BRANCHZIS I LINEA
c * ) DOTOTAL MUMBEIR OF STATI UARIAZLE
c * DERLG ! FLAG UARIABRLET FOR PRINTING A7
c * A ¢ MATRIK A &) STATZ SPACT DZSCRIRTI
C * B MATRINY B3 IN SYATZ SPRCT DES T
c * c DOMATRIX L IN STATZ SPARCT DE3Z T1
c * 3] ¢OMATRIK O IN STATZ SRPACI DES TI
c * Ualuz : ARRAY GF ZLIMINT UALUES
[ * [SINS] ¢ HYERID HATRIK
Cc #*
Ci**ii****Ii***f’:%*i*******}i&!-}ﬁi*}}%}ﬁ*-:!—&-}'}-}}*%*:‘(—%-} R BB 1> 3 30 By L R b B2 B0 L 2. X4
c

INTEGER mMSCOL, CONMN. DZRUG
DIMENSION URLUZ(1)
DIMINSIGH ANS(MZ, 13
DIMEMSION A5, 1),
DIMZIMNSION DENGH20)
COMMON /ZNGS3- MCAP, NDUS,. NRES.MIMD, MDIS.NC3
NCP1=NCAP+1

B(i3s 12 N7s 13

CMP 1)

I¥ (cARP.EG.0Y GO 70 104
DO 102 i-=1.0NCAP

102 D=NOMII2=VALUZ I

104 IF (MIMD.EN,0) GO 70 103
K=NCAP+INVS+IRES
DO 105 1:-MCP1.NSU

1=i+1
105 DZM3M(I=UAL TG
103 NZONS=HER+1-11
c

184




AD=-A088 422 PURDUE UNIV LAFAYETTE IN

D F/6 9/3 '
PRANCS PROGRAM FOR ANALYZING NONLINEAR CIRCUITS.(U)

MAY 80 H K THAPAR: B J LEON
UNCLASSIFIED

33

RADC-TR-80-139

F30602-78~C=0102
NI




OO0

c

110

112
114

FILL MATRIX A

Ni=I1

N2=N1+NCAR+NIND-1
N3=NPORTi+NZQNS
G=MI+NCARNIND-1

IF (M.L7.N1) GO 70 128

=Ni,N2
+1

Ji=Ji+l
A(I1,J1)=-AN3(T, J)/DENCM(I1)

FILL MARTRIX B

NS=ANSCOL~NCS+1
N3=ANSCOL
I1=0
Do 114 I=N1,N2
Il=T1+1
J1=0
DO 112 J=N3,NS
Ji=Jdi+1
B(Il,J1)=—ANS(I»J)/BENOM(IL)
CONTINUZ

CamxxxFILL MATRIX C

c

116

11=0

Ni1=N2+1

N2=N2+NCS

N3=ANSCOL~-NCS-NSU+1

N4=N3+NSV

DO 1i6 I=N1.N2
T1=11+1
J1=0

DO 116 J=N3,N4
Ji=Ji+l
C(Il,J41)=-ANS(I,J)

CONTINUE

c
CosunxFILL MATRIXK D

c

oo

118

NS=ANSCOL-NCS+1

NS=N3+NCS

I1=0

DO 118 I=Ni,N2
Il=31+1
Ji=0

DO 118 !=N3,NG
Ji=Ji+l
D(I1,31)=-ANS(IsJ}

CONTINUE

PRIMT MATRICES A BsC » D

17 (DEBUG.NZ.1) GO 70 128
WRITE (65130}

EST
EST
EST
EST

440
450
460
470
480
430
500
510
520
530
5S40
550
560
570
580
530
600
610
620
630
640
650
660
670
680
630
700
710
720
730
749
750
760
770
780
730
800
810
20
830
840
850
860
870
880
830
900
810
a20
930
40
850
g60
970
€80
€90
1000
1010
1020
1030

~er—r-n




120

122

124

125
123

30
132
134

25

133

DO 120 I=1,NSU

HRITE (65132) (A(I,Jd)yJ=1,NSY)
WRITE (6,134)

DO 122 I=1,NSU

WRITE (65132) (B(I,J)sJ=1,NCS)
WRITE (B, 126)

DO 124 i=1.NCS

NRITE (6,122) (C(I,Jd)»J=1,N3U)
WRITE (B,123)

DO 126 I=1,NCS

WRITE (B,122) (D(I,J)sJ=1,NCS)
RETURN

FORMAT (1H1,38H4 MATRIX A)
FORMAT (M, 11(Z10.3,2K))
FORMAT (/5 SH MATRIX B)
FORNMAT (5 SH MATRIX C)
FORMAT (/5,381 MATRIX D)

EMND

186

EST 1040
CST 1650
EST 1080
EST 1070
EST 1080
EST 1050
EST 1io0
EST 11:0
EST 1120
CCY 1120
EST 1140
EST 11580
CST 1i8
EST 1170
EST 1180
EST 1120
EST 200
EST 1210
EST 1220
EST 12zo




SUBROUTINEZ FLALNC (AsNs IR DKy L) FBC

FBC

CA852 76 38 620 08 51 558 SH 1 30 30 25 S0 53 3146 30 30 8036 ST TH S 310 26 0000 5808 SHSEIE N5 6 24 06 08 26 24 36 S T I 6 26 3 N S F X 4 F NN R R AR BC
C * *FBC
Caxssir  THIS SUB-FROGRAM PIRFORMS THI FOLLOWING FUNCTION: #FBC
C * 1. DALNMCE N RIAL MATRIN A. *FBC
C # #FBC
Cwssenns THIS SUB-PROGRAMAS GLOS3ARY OF FORT nn NAMES: #FBC
C * [} $ MATRIR 7D D_. BALANCE #FBC
c & ) § DIMZIMNSI0ON OF MATRIN ﬁ *FBC
c & 1A 3 RONM DININ3ION OF A #FBC
C @ 0 : GRRQ’ CONTAINING INFORMATION ABOUT PERMUTATIO®FEC
c * N3 SCALE FACTGCRS #FEC
c @ &) : INTZGZR3 SucH »IAT A(I,J4)=0 IF (1) I GT J AND=*FEC
c * (2) J=1s2r40es=1 OR I=L*+ls,0asl #FBC
€ * *FBC
[ R e Y L e L PR PR LR R e T SR T T T o
C FEC
DIMIN3IOM Nin, 13, D1 FBC

£AaTA Br18.0/,02/235.07 FBC

ATH ZERD/0.0/,0NZ-1.0/5PS57,937 FEC

c ' FoC
Camasnas RIDUCE NORM A BY DIAGONAL SIN LARITY FEC
Cosnaan TRANSFORMATION STORED IN FBC
c FEC
Li=1 FBC

Ki=i FBC

c FEC
Cossemnsms S_nmCH FOR RON a ISOLATING AN EIGEN- FBC
Cononns UALUZ AMD PUSH THEM BOWN FBC
c FBC
101 [{1P1=K1+] FBC
IF (KL,L7.13 GO 70 107 FEC
Ki1=K1 FBC

DD 108 JJ=1,K11 FBC
J=XK1IPL-dJ FBC

R=ZERQ FBC

BO 102 I=1,K1 FBC

iF (Z,Z0.J4) GO TO 102 FBC
R=R+NB3(A(J» 1) FBC

102 COM7TINUZ FBC
IF (R.NZ.ZERO GO 7O 108 FBC

DR1y=d FEC

iF (J.20.K1) GO 70 105 FBC

DO 103 i=1,K FBC

=R, J2 FEC

ACI,J)= ﬁ(T,Kl) FBC

NI X)= FBC

103 CONTINUZ FEC
D0 104 i=L1,N FBC

F=R00, 1) FBC

NG 5=/, T3 FBC

(0L, I)=F FBC

104 CONTINUZ FDC
103 K== FBC
GQ 70 101 FBC

106 CONTINUZ FEC

c FEC
Camnanns SCARCH FOR COLUMNS ISOLATING AN FBC
Cotaumaxs SIGENUALUZ AND PUSH THEM LEFT FBC

187

10

30

40

50

60

70

80

a0
100
110
120
130
140
150
160
170
180
180
200
210
220
230
240
250
c60
270
2c0
230
300
310
320
330
240
250
360
270
280
330
400
410
420
430
440
450
460
470
480
450
500
510
520
530
540
550
560
570
580
5290
600




107 IF (V1.LT.L1) GO 7O 113
LL=L1
DO i@ J=LL,Kl1
C=2ERO
DO 108 I=L1,K1
IF (1.EQ.J) GO TO 108
C=C+ABS(A(I,J))
CONTINUE
IF (C.MZ.2ERQ) GO TO 112
D(LY)=d
IF (J.EQ.L1) GO TO 111
DO 109 I=1,Kl1
F=A(T,J)
AL J)=ACI,LL)
AT, 1)=F
CONTINUEZ
DO 110 I=L1.N
F=R(Js» 1)
NS DI=ALL, 1)
ACLL, I)=F
110 CONTINUZ
111 Li=t1+1
GO 70 107
112 CONTINUEZ

108

103

c

Cxunsenn
Counrnnn

c
113 K=L1
L=K1
IF (K1.L7.L1) GO 7O 115
DO 114 I=L1,K1
D(I)=0NE
114 CONTINUE
115 NOCONU=0
IF (K1.L7.L1) GO TO 124
DO 123 I=L1,Kl
C=2ERD
R=ZERD
DO 116 J=L1,K1
IF (J.EQ.I) GO TO 116
C=C+ABS(ALJs 1))
R=R+ABS(A(I.,J))
CONTINUE
G=R-B
F=ONZ
S=C+R
IF (C.GE.G) GO TO 118
F=F=B
C=C=E2
GO 70 117
118 G=R=B
119 IF (C.L7.G) GO TO 120
F=F/B
C=C-/B2
GO 70 119

116

117

c

Cuennn

c

NOW BALANCE THE SUBMATRIX IN ROWS
L1 THROUGH X1

NOW BALANCE

FrC
FEC
e
Fc
FEC
FLC
FBC
FoC
e
Fec
FoC
FoC
'GC
FBC
VLT
FiC

FLC
FoC
FDC
FLc
oo
FoC
"oC
FoC
Fre
Foe
FLC
FEC
"CC
FEC
oG
FoC
recC
IF5C
FLC
FLC
FEC
FBC
FLC
FoC
FCC
FLC
FLC
FLC
rLc
FLC
FoC
FLC
FEC
FoC
FEc
FEC
e
Foc
RN
Frc
gy
e
Fre
e

o

[

el anl o e S S S
DI OIA DN CINY -
ODODODOOoOODOO O D

23 I USRS SN




%
120 IF ((C+RI/F.GZ.PY528) GO TO 123 FBC 1210
G=0ONE /7 FEC 1220
D(IX=BlIInE FEC 1230
NOCONU=1 FEC 1240
DO 121 J=L1,N FBC 1250
AL, I=AR(I, )G FBC 1250
121 CONTINUZ FEC 1270
Do 122 J=1,K1 FBC 1280
Al I3=A0d, T)%F FEC 1290
| 122 CONTINUZ FBC 1300
123 CONTINUZ FBC 1310
124 IF (NOCONU.ED.1) GO 70 115 FBC 1320
RETURN FBC 1330

c FBC 13240 ;

END FBC 1350 i

SUBROUTINI FZUZVU (A N> IA,UWs 25 WK, IER) FEU 10 3
c FEU o 20
T 21463828 38 26 4520 28 3 53 96 5538 28 5806 23 51 55 28 06 30 3% 38 51 56 36 58 3606 08 306 386 2658 536 30 30 6 3 T30 50 T I 3H 36 T30 038 330 20 43663096 W09 6T T 1) 30
c = ®FEY 40
Craszu#ax THIS SUB-PROCGRAM PERFORMS THE FOLLOWING FUNCTION: ®FEU 50
c # 1. ACT A5 THZ EMZCUTIVE CALLING PROCRAM FOR O3TAINING *FEU 60
c # THZ EIGENUALUZS-ZIGINUECTORS OF A REAL MATRIX. ®rCU 70
Cc * ®*FEY 80
Caxx#nx  THIS SUD~-FROCRANM USIS THE FOLLOWING SUBROUTINES: ®FEU 0
C # 1. FBALNC *FEU 100
c * 2. FROHS3 ®*FEU 110
Cc * 3. FBUMMNL *FEU 120
c #* 4. FBLRM2 ®*FEU 130
c * 3. FORALG #FEU 140
c * B. FERTST ®FEU 150
C s ®FEU 160
Castsnxe  THIS SUR-PROGRAM=S CLOS3ARY OF FORTRAN NAMES: ®EU 170
C # a : MATRIX WHO3E EIGZNVALUES-EIGENUECTORS ARE TO =FEV 180
c * 7O BI FOUND #FEU 180
c * N : DINZIN3IOM OF MATRIX A ®FEU 200
C = iA : ROW DIMENSION OF A ®*FEU 210
c 5 H : ARRAY CONTAINING THE EIGENALUES ®FEU 220
c * Z 3 MODAL MATRIX ®FEY 230
C #* WX 3 HORK RRRAY sFEU 240
c # i8R ¢ ERROR PARAMITER ®*FEU 250
c s ) ®FEU 260
209098 9008 300 38 50 9030 38 25 50 S 2698 25 46 3096 5828 385800 3000 20 00 3055 38 5009 009 20 SUSR I AN SH A S S TSI B R N R R NN RN RECY 270
c FEU 280
DIMINSION A<IA» 1), H(1), KHKNs1)s 2(13 FEU 290
DATA Z2ERD-0M8Z/0.0,1.07 FEU 300
c FEU 310
Cxamunn INITIALIZE ERROR PARAMETERS FEU 320
c FEU 33
1ER=0 FEU 340
JZIR=0 FEU 350
1Z2=1R FEU 360
122=12+12 FEV 370
| C FEU 380
: Cosanus PACK A INTO AN N BY N ARRAY FEVU 390
3 C FEU 400
K=1 FEU 410
=1 FEU <420
DO 105 J=1,N FEVU 430
No 105 I=1,.M FEU 440
AL LI=ACL ) FEVU 450

189
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K=K+1
IF (K.GT.IA) K=1
IF (K.EG.1) L=L+1
105 CONTINUE
Ni=1
N2=N1+1
C

Code 329 3%

CALL FBALNC (As Ny Ns HK(1sN13,K
c

ol 22 2 2 20
Connnx

CALL FRDHSS (AsKsLsNsNs WKC(L,N

(g 222222
c
I1I=1
JJ=t
NP1=N+1
DO 115 I=1.N
DO 110 J=i,N
2(I1)=2ERO
II=I1+1
110 CONTINUE
2(JJ)=0NE
JI=JIHNPL
115 CONTINUE
CALL FBKXM1 (ZyAsWK(1,N2)sNsN
112=N
CALL FORALG (AsNsNsKsLsW(1)s U
IF (JER.GT.128) GO TO 120
CALL FBKXM2 (WK(1,N1)s2Z,KsL,N
[of
C o630 %
Cannsnnn

120 DO 125 I=l.,N
NPI=N+I
WKCI,NL)=K(NPI)

125 CONTINUE

JH=N+N

J=N

DO 130 I=1.N
HOJW=-1)=H(J)
WO =WK (JsNL)
JH=JU-2
J=J-1

130 CONTINUE

Coannunn
Connnnn
c
J=N
135 IF (J,LT.1) GO TO 160
IF (W(J+J).EQ.ZERQ) GO TO 1590
c

Crnnnns
Caunnun

BALANCE THE INPUT A
sL)

IF L = 0, A IS ALREADY IN HESSENBERG
FORM

2))
SET Z IDENTITY MATRIX

sKoll)
(N+1),2, 112, JER)
’N'N)

CONUVERT W (EIGENUVALUES) TO COMPLEX
FORMAT

CONUVERT 2 (EIGENVECTORS) TO COMPLEX
FORMAT 2(12,M)

MOVE PAIR OF COMPLEX CONJUGATE
EIGENVECTORS

190

FEV
FEU
FEU
FEU
FEU
FEV
FEV
FEU
FEVU
FEU
FEV
FEV
FEV
FEU
FEU
FEU
FEU
FEV
FEV
FEV
FEu
FEV
FEVU
FEU
FEUV
FEV
FEY

v
FEU
FEU
FEU
FEU
FEV
FEU
FEU
FEU
FEU
FEU
FEU
FEU
FEU
FEV
FEv
FEV
FEU
FEU
FEU
FEU
FEU
FEV
FEV
FEV
FEU
FEU
FiZu

FEV 1

FEV
FEU
FEU
FEU

480
470
480
480
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c FEU
IS=IZ2n(J-1)+1 FEU
IG=N*(J-2)+1 FEU
1GZ=1G+N FEU

c FEU

Crennns MOUE COMPLEX CONJUGATE EIGENVECTOR  FEV

FEU

DO 140 I=1,N FEU
2(1S)=2(¢16) FEU
Z(15+1)=-2(16Z) FEU

1S=18+2 FEU

1G=1G+1 FEU
162=167+1 FEU

140 CONTINUE FEU

c FEU
E****** MDUE COMPLEX EIGENVECTOR FEU
FEU

15=122a(J-2)+1 FEU
1G=15+122 FEU

DD 145 1=1,N FEU
Z(15)=2(16) FEU
Z(IS+15=-2(1G+1) FEU

15=15+2 FEU

I0=1G+2 FEU

145 CONTINUE FEU
J=J-2 FEU

GO 70 135 FEU

c FEU
Crannns MOUE REAL EIGENVECTOR ;gu
u

150 IS=IZ2#(J~1)+N+N FEU
16=N#J FEU

DO 155 I=1,N FEU
Z(15~1)=2(IG) FEU
Z(15)=2ER0O FEU

15=15-2 FEU

1G=1G-1 FEU

155 CONTINUE FEU
J=d-1 FEU

€O 70 135 ~ FEV

c FEU

CaesexallRITE ERROR MESSAGES, IF ANY FEU

c FEU

160 IF (IER.NS.0) CALL FERTST (IERsGHFEVEU ) FEU
T (JER.EQ.0) GO T0 165 FEU
IER=JZR FEU
CALL FERTST (IER,BHFEUEU ) FEV

165 RETURN FEU

c FEU
END FEU

. SUBRQUTINE FBXXM1 (ZyHs Dy MMs IZHs KoL) Fiil

M

Cﬂ'lﬂ"ﬁ“*'ﬁ'*"*'}***ﬁ*ﬁ*ﬂﬂ’ﬂ**ﬁ-‘**'.'-"!"I'l*‘****Q*‘*““..lﬂl""’““"“m’FN1

c » *FM1

Camas»s THIS SUB-PROGRAM PERFORMS THE FOLLOWING FUNCTION: «FM1

c » 1. DACKTRANSFORM THE EIGENUECTORS OF THE UPPER HESSENBERGWFM1

c o MATRIX. Ml

c » *FM1

Cuanaws THIS SUB PROGRAM#S GLOSSARY OF FORTRAN NAMES: *FM1

c i : EIGENUZCTORS OF MATRIX A »FMl

RR $he S prea




c » H : SUB-DIAGOMNAL ELEMENTS USED FOR STORING BACK- ®FM1
c = TRANSFORMATION INFORMATION #7111
Cc » D ¢ DETAILS OF THE TRANSFORMATION #rMl
c * MM ¢ NUMBER OF COLUMNS IN MATRIX Z #e01
c * I1ZH : ROW DIMENSION OF MATRICES Z AND H #M1
Cc hd KsL ¢ SAMZ AS IN SUBROUTIME FBKKML =M1
C * £
C 30000 96 26303 38 3036 36 06 98 15 3496 3036 71 3090 98 1 56 30 38 38 36 51 35 92 58 5830 32 3838 5624 96 58 5428 38 0T 3 38 S04 238 36 S SH M2 THSH O M0 2 20 M4 [ 1
o i
DIMENSION Z2(IZH»1), H(IZH»1)» D(1) FM1
DATA ZERO,ONE/0.05 1.0/ Fri
LM2=L-2 il
IF (LM2.L7.K) GO 70 107 Fr
LTEMP=LM2+K il
DO 185 KI=K,LM2 FiiL
M=LTEMP-KI [l
MA=M+1 Frt
T=H(MAs M) Frii
IF (T.EQ.ZERC0) GO TO 105 F11
T=T#D(MAD i
MPa=+a il
IF (MP2.GT.L)Y GO TO 102 Fril
DO 101 I=MP2,L Fiil
DCII=H(I, M) Frl
10t CONTINUE Fril
102 Ifr (MA.GT.L) GO 7O 108 Fiil
TINU=0ONZI/T il
., 105 J=1.MM il
G=2ERD FHil
D0 103 I=MAsL Fiil
G=G+D(1)=Z(I, I Fti1
103 CONTINUE Friz
GC=G*TINV FiL
DO 104 I=MAsL Fitl
2CI, N=2(1, J)+G=D(I) Frl
104 CONTINUZ FM1
105 CONTINUE Frl
106 CONTINUE Fri
107 RETURN Ml
c Fhil
END Fi
SUBROUTINE FBKXM2 (DsZsKeL,MMsN, I2) FM2
c Fh2
c“’.l*l"**#’**'l*lN}**ﬁ***'-!l"l**‘**‘i“****i*.l*“I’*Q"I”*l"..*.‘.‘m**#:-i':a
Cc » 02
Conmnnx THIS SUB-PROGRAM PEIRFORMS THE FOLLOWING FUNCTION: L
c & 1. BACKTRANSFORM THE EIGENUZCTORS OF A BALANCED MATRIX #7h2
Cc » ¥ o
Cennnnn THIS SUB PRUGRQN‘S GLOSSARY OF FORTRAN NAMES: M2
c » INFORMATION ON THT DETAILS OF TRANSFORMATION «M2
c » Z : AT ENTRANCE: MDDAL MATRIX 70 BE TRANSFORMZID «7h2
c » AT EXITs TRANSFORMED MODAL MATRIK 2
c » K s RO, COLUMN INDEX OF STARTING ELIMINT TO Bz
c » TRANSFORMED R
c » L ¢ ROW,COLUNMN INBEX OF LAST ELEMINT TO B= TRRNS—\.nE
c » FORMED
C » MM : NUMBZIR OF COLUMNS I MATRIX Z
c * M : Y\U"‘IB_R OF ROMS IM 2 = LENGTH OF UZCTOR D
C » 1z : ROW DIMENSION OF 2
c »

120

PN NY YRR Ny TR SRTPP T 2&4




C30 3200108 36 35 6 44 30 40 980 98 38 30 31 00 2026 302020 JSTS0 30 3638 31 34 P M I SESETPSE MR XN HR RN R R R AR XX R R RNRERTMS 200

C FM2 210
DIMINSION 2(IZ,1), D(D) FM2 220
c FM2 230
Cannnns COLUMN SCALE 2 BY APPROPRIATE FrM2 240
Casesrinn D UALUZ FM2 250 1
c FM2 ee6o0 |
DO 101 I=X,L FM2 270 (4
S$=D(1) FM2 @80 '
DO 101 !=1.MM FM2 290
Z2(1,J)=2(1,J)#5S FM2 200 P
101 CONTINUZ FM2 2310 i
FM2 320 14
Cssetien INTERCHANGE ROWS IF PERMUTATIONS FM2 330
Cotseomsestss OCCURRED 1M FBALNC FM2 340
c FM2 350 i
iF (K.2G.1) GO 70 104 Fri2 380 14
KiM1=K-1 FMe 370 %
D0 103 I=1,KM1 FM2 380 .ﬁ
Ti=K-1 FM2 390
JU=D{i) FM2 <400
IF (I1.E0.0J) GO 7D 103 - FM2 410
D3 102 J=1,MM FM2 420
S5=Z({1i,J) FM2 430
Z2C1I HN=2¢(dds D) FM2 440 ;
2004, J)=5 FMe 450 h
102 CONTINUE FM2 480 19
103 CONTINUZ FM2 470
104 17 (L.EQ.N)Y GO 70 107 FM2 480
LPi=L+1 FM2 490
DO 108 1i=LP1,N FM2 500
JJ=D(II) FM2 9510
I (I1.EQ.J0J) GO 70 105 FM2 520
DO 105 J=1,MM FM2 S30
S=2(1i. FM2 540
ZLits J)=20JJs D) FM2 S50
23S, =3 FM2 560
105 CONTINUZ FM2 570
103 COMTINUE FM2 580
107 RZTURN FM2 590
c FM2 600
END : FM2 610
SUBROUTINT FERTST (IER.NAME) FER 10
c FER 20
02838 36 38 24 35 F 3096 98 3 4 31 36 33 3 0 24 35 38 35 306 54 34 3836 20 28 28 335 30 I35 ST T 96 3 96 T 3030062903 36 36 36 2 I3 30330 3 00 0 -0 RN TR 30
C #  THIS SUB-PROGRAM PERFORMS THZ FOLLOWING FUNCTION: *FER 40
[ @ 1. PRINT ERROR MESSAGE ARISING IN FEUEU DR FARALG ROUTINE#FER S0
c % ®#FER 60 ¢
Ceuxnsx  THIS SUB-FROGRAM=S GLOSSARY OF FORTRAN NAMES: ®FER 70
c = 1ER : ERROR PARAMETZR UALUZ ®FER 80
cC i NGMZ : NAMZ OF THE CALLING SUB-PROGRAM #FER 90 1
C * *FER 100 B
Gt 54519620 28 S0 35 2 55 SV SESETESH A S 3 S S0 SH BRI S SH 0020 0 SHIR S 2 2030 3 SH A PP AR S T SE R SRR S SE RN M MR R NN NARNRFER 110 &
c FER 120
DIMENSIONM ITYRP(2s4)s IBIT(4) FER 130 '
INTEGER HARN I'ART, TERM PRINTR FER 140 )
EQUIVALENCE (IBITC(L1)»lARNY, (IBIT(2),WARF)y (IBIT(3),»TERM) FER 150 f
DATA ITYP/10HUARNING s 104 » JOHWARNING (W LOHTH FIX) yFER 160 .
LIOWTERMINAL  , 10H » 1IGHNON-DEFINE, 10HD 7y IBIT/32,6FER 170
24, 128,07 FER 180
193
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IERR=IER FER 120 ’
IF (IERR.GE.WARN) GO TO 101 FER 200 :
c FER 210 4
Coede a3t NON-BEFINED FER 220 L
c FER 230 ¥
IERK=4 FER 240 -
GO 70 104 FER £30 4
101 IF (IERR.LT.TERM) GO TO 102 FER 269 g
c FER 270 K
Cosessnn TERMINAL FER 220 T
c FER 230 2
IERK= FER 200 {f
GO 70 104 FER 2310 :
102 IF (IERR.LT.WARF) GO TO 103 R 220 y
FER 23 ,
Coamnnn WARNING(HITH FIX? FER Z40 3
c FER  Z50 il 3
IERK=2 FER 250 }
GO 70 104 FER 37 ; 3
c FER 280 I
Coramsnsn WARRNING FER CZ€
. FER 400
? 103 IERK=1l FER 410
] C FER <420
Comnsnn EXTRACT »*N» FER 430 g
FER 440 . 4
104 IERR=IERR-IBIT(IERK) FER 450 i 3
? Cc FER 4590
Coseinsnn PRINT ERROR MESSAGE FER 470 i
c FER 4E0 i
WRITE (88,1053 (ITYP(I,IERK),I=1,2),NAME, IERR, IER FER 4SS0 E
RETURN FER 500 f
c FER 510 It
105 FORMAT (1HO0,2A10,4%X, A8y 4%y I12,8H (IER = » I3y 1H)) FER 520 |
FER 520
END FER 540 '
SUBROUTINE FORALG (HS» N, IH»K,L, WRLsWIM»2Zs 12 IER) FCOR 10 !
c FER 20 :
] C3 30-30 90 3825 36 9828 3096 35 36363630 363 36 36 36 36 38 36 38 3 38 38 38 15 26 36 36 JH-IE SHIE I S 38 38 38 35 38 338 23 265HIE I JEIHIEI 0000 FHIH 08 00 30 36 3230 w4 - 012 3 .
! C * #7ER 40
Ceuwns» THIS SUB-PROGRAM PERFORMS THE FOLLOWING FUNCTION: #FCOR 50
C * 1. FIND THE EIGENVALUES AND EIGENUVECTORS OF THE UPPER ®FCR 60
c » HESSENBERG MATRIK. ®#FOR 70
C » #rCR €0
Cesxswxs THIS SUB-PROGRAM USES THZ FOLLOWING SUBROUTINE: "FER g
C * 1. FERTST #70R 100
c * ¥R 110
Connunx THIS SUB-PROGRAM=S GLOSSARY OF FORTRAN NAMES: %R 120
c #  ALL VARIABLE NAMES AND ARRAYS ARE AS DEFINED IN SUBROUTINES 7GR 1Z0
c #  FEUEU, FBALNC, FBKKXM1» FBKXM2. *FOR 140
c » £F0R 150 1
} (3000309038 906 98 363090 3 36 3620 36 36 36 30 36 30 3696 70 98 34 3690 31 3 3026 30 38 2303038 30 I3 SN F RN X R RN RN IR AR RO 160 i
c FCR 170 .
‘ DIMENSION HSCIH,MN)» WRLINYs WIMIN), ZC(IZ,N), T3(2) FEGR €0 iy
LOGICAL NTLS FCR 1S0
COMPLEX 23 FCR 200
EQUIVALENCE (23+T3(1)) FER 210
DATA RDELP~-184140000000000000008B~ FCR 220 :
DATR P4,0.4375/yP5-0.5/.P7/0.75/y2ER070.0/+0ONE~1.0” FEe? 220 ¥
IER=0 FCR 240 ;
|
|
i.
194




c
Crmnnmn STCRS ROOTS ISOLATED BY FBALNC
>
DO 101 I=1,N
IF (I.GE.K.AND.I.LE.L) GO TO 101
i NRL(I)=HS(I, 1)
‘ HIN(I)=2ER0
101 CONTINUZ
IEN=L
: T=22R0
c
; Cremnans SEARCH FOR NEXT EIGENUALUES

c
102 IF (IEN.L7.X) GO 7O 123

I78=0
NA=1ZN-1
IENIM2=NA-1
£
Corxaessnss 1.00OK FOR SINGLE SMALL SUB-DIAGONAL
Crwxnis ELEMENT
C

103 NPL=IZN+K
DO 104 LL=K, IEN
LE=NPL-L.L
Ir (LB.EQ@.X) GO 70 1
ir (ABS(H3{LB,LB~1))
1 ))) GO 70 105
104 CONTINUE
c

03
oL

X222 2]
c
105 K=HSCIEN, IZN)

IF (LB.EG.IEZM) GO 70O i21
Y=HSINAL NA)
=S CIEN, NR) #H3 (NA IEND
I (LB.EQ.NAY GO 70 122
IF (I75.2Q,30) GO 70 151

c
Connnnn FORM SHIFT
C
IF (I7S.NE.10.ANDLITS.NE.20) GO TO 107
T=T+X
D0 108 I=K,IEZN
HS(I,I)=HS3(I,I)-X
105 CONTINUE
S=AB3{HS(IZM, MNA) ) +ABS(HS(NAs IENM23)
R=P7#S
Y=g
W=-P4uSa5
107 I7S=17S+1
Comsnns LOOK FOR TWO CONSECUTIVE SMALL
Casmsts SUB-DIAGONAL EZLEMENTS

C
MAML=IENM2+LB
DO 103 Mi=LB» IENM2
Vi=MAnL=Mil
2Z2=H3 (M 1D
R=K~72
S=y-22

195

FOR
FCR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FGR
FOR
FER
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FCR
FOR

= ROZLP*(ABS(HS(LB-1,L3-1))+ABS(HS(LB, LBIFCER

FOR
FOR
FCR
FOR
FOR
FCR
FOR
FOR
FQR
FOR
FCR
FOR
FOR
FOR
FGR
FOR
FCOR
FOR
FOR
FOR
FOR
FOR
FOR
FCR
FOR
FGR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
Far

250
260
270
280
290
300
310
220
330
340
330
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
S40
SS0
560
570
580
590
600
610
620
630
640
650
660
670
680
690
vao
710
720
730
7&0
750
760
770
780

T

(=3

800
810
€20
830
840




P=(R=S-W) ZHS(M+1, MI+HS(My M+1)

B=HS (M+1,M+1}~2Z2-R~S

R=H3(M+2, M+ 1)

S=ABS(PJI+ABS () +ABS(R)

P=pP/S

8=0-S

R=R/S

IF7 (M.EQ.LB)Y GO 70 109

IF (ABS{H3(M,M-1))(ABS(A)+A35(R) ) .LE.RIELP*A35(P) = (ABS(HS (M1,
1 H-1))+ABS(Z2)+ABS(HS(M+1,M+1)3)) GO 70 103

108 CONTINhLE
109 MP2=ii+2
BB 110 I=rP2,IEZN
1501, 1-23=Z2R0
I (I.EG.mP2) GO 70 110
H3(1, I-3)=ZER0D
110 CONTINUZ
Cosnnen DOUBLZ QR STZP INUCLUING RCAS
Coessttsest L TO ZN AND COLUMNS M 70 &N

c
DO 120 KA=MNA
HNTLS=KA.NE.NA
IF (XA.Z0.M) GO 70 i1t
P=HS (KA, KA-1)
Q=H3 (KA+1,KA-1)
R=ZERO
IF (NTLS) R=HS(KA+2,KA~1)
¥=ABS(P)+AB3(QI+ABS(R)
If (X.EQ.ZERO)Y GO 70 120
P=P.sK
Q=0-%
R=R/¥
111 CONTINUE
S=SICN(SART(F#P+0*Q+R*R), P)
IF (KA.EQ.M) GO 70 112
HS(KAs KA-1)=-5%¢

GO 70 113
112 IF (LB.NE.M) HS(KA,KA-1)=-HS(KAR,KAa-1)
113 P=P+S 2 i
R=P/§ FER 1&3D :
v=0,5 FOR 1230 y
22=R/S “ER 1e70
0=0/P FCR :
R=R/P
c
Crxnmun ROW MODIFICATION H
c
DO 115 J=KA,N
P=HS (KA, JI+A=HS(KA+L, J)
IF (.NOT.NTLS) GO 70 114

P=P+R=HI(KA+2, J)
HS KA+, J) =S (A2, J)-P222

114 HS KA+ L, D) =HIUAT L, J)=PxY
HS (KA, 1) =HE KM, J) =P

DT T T

e lslolalsinialalairiatotelntal

115 CONTIMUZ o
J=HIN0CIEN, KA+3) FCeR

c FCR
Cruntnn COLUMN MODIFICATION FCR
C FCR

196




DO 117 I=1l,J
P=H{sHS (I, KA)+Y#H3 (I, KAa+1)
i (.NOT.NTLS) GO 70 115
P=P+2Z5H3 (1, KA+2)
H3(I,KA+2 “”S(T KA+2)-P%R
115 HS{T, KA+ 1)=H3 (1, KA1 -P=0
H3 (I, KAI=HS (I, XA -7
117 CONTINUZ
I (IZ.LT.MN) G0 70 129
c
Cotxsanzn ACCUMULATE TRANSFORMATIONS
c
D0 119 I=K,L
P=RE2 (I, KAY+YRZ (T, KA+L)
IF (.NDT.NTLS) GO 70 1183
P=P+2232{1, K(+23
Z{TLHAT2I=2(T, KAT2) =R
113 ZE:;RQ*’) /(T»Kﬁ+lJ -0
ZC1LL,KR)= ) -pP
113 CONTZNUZ
120 CONTINUZ
GO0 V0 103
c
Coexeas ONZ ROCOT FOUND
c
121 HSCIEN, IZNY=R+T
LR CIEN)=H3(TZM, ITN)
WINC(IEN)=ZER0

IZN=NA
GO 70 102
C
Coesesranst TWO ROOTS FOUND
C
122 P=(Y-¥)*P5
Q=P =Pl
ZZ=SGRT(QBS(G))
HSCTEM, IZ)=R+T
%‘US(TCNqLLN)
HD\N’]Q Nl /"‘Y"‘ t
iF (D.LT.ZERD) GO 70 128
C
Couxaas REZAL PAIR
c
Z2Z=P+SIGN(Z2sP)
WRLINAY=K+22
PRLCTZHI=WRLINA)
17 (ZZ.NS.2ZR0) WRL(IZN)I=X-W 22
HIM(NAY=ZZRO
WIM(IZNI=ZZR0
Y=HS(IEN, NR)
R=CSART(Nui+22222)
P_(|/R
8=22/R
Cc
Crunsnn ROW MODIFICATION
c

DO 123 J=NA.N
Z2=H3(NA, J)
1B (HA, J3=0222+P=HS(IZN, J)
H3CIZNs JI=02H{S (I, J)~P#2Z2

197

e AR S Kt e e

FOR 1450
FER 1460
FGR 1470
FCGR 1480
FGR 1480
FeR 1500
FGR 1510
FER 1520
FER 19320
FER 1240
FER 1550
FER 1SS0
FER 1570
FGR 1580
FGR 1580
FCR 1600
FCR 1610
FOR 1520
FER 1630
FGR 1540
FGR 1650
FER 1680
FGR 1670
FEGR 1680
FER 1690
Fer 1700
FCR 1710
FCR 1720
FER 1730
FER 1740
FER 1730
FCR 1760
FCR 1770
FCR 1780
FCR 1790
FCR 1800
FOR 1810
FCR 1820
FGR 1830
FGR 18490
FOR 1850
FER 1E80
FCR 1870
FGR 1680
FCR 1890
FCR 1S00
FCR 1910
FOR 1820
FGR 1830
FEGR 1S40
FCR 1850
FER 1S80
FER 1970
FCR 1€80
FGR 1830
FGR 2000
FGR 2010
FGR 2020
FCR 2020
FGR 2040




B R T ———

123 CONTINUE
c

Casnnn
C
DO 124 I=1,IEN
Z2Z=HS(I»NA)
HS(IsNAY=Q#2Z+P*HS (T, IEN)

HSC(I, IEN)=Q#HS(I, IEN)-P#22

124 CONTINUE
IF (IZ.LT.N) GO TQ 127
c

(ol 2 222 T3
(o4
DO 125 I=KsL
22=2(1,NA)
ZCTsNA)Y=0#Z2+P#Z (1, IEN)
Z(I, IEN)=Q#2(1, IEN)-P222
125 CONTINUE

GO 10 ter
C
CHnxnxn
c

126 WRL (NA)=X+P
HWRL (IEN)=X+P
HIM(NA)=ZZ
WIMCIEN)=-2Z2

127 IEN=IENM2

GO 7O 102

C

Canannn

C# 3336

c

128 IF (IZ.L.T.N) GO TO 158

RNORM=2ERD
Ka=1
DO 130 I=1,N

DO 129 J=KA,N

COLUMN MODIFICATION

ACCUMULATE TRANSFORMATIONS

COMPLEX PAIR

ALL ROOTS FOUND, NOW
BACKSUBSTITUTE

RNORM=RNORM+ABS (HS(I5.J))

1239 CONTINUE
KAR=1
130 CONTINUE
IF (RNORM.EQ.ZERQ) GO TO 156
DO 145 NN=1,N
TEN=N+1-NN
P=H{RL(IEN)
Q=WIMCIEN)
NA=IEN-1
IF (Q.GT.2ER0)Y GO TO 145
IF (Q.LT.ZERD)Y GO TO 137
Cc
Camunnn
c
M=1EN
HSCIEN, IEN)=0NE
IF (NA.EGQ.0) GO TO 145
DO 136 II=1,NA
I=IEN-IT
W=HS(I,1)-P
R=HS( 1, IEN)
IF (M.GT.NAY GO TD 132

REAL VECTOR

198

FER
FER
FER
FOR
FGR
FCR
FOR
FCR
FGR
FEeR
FCR
FER
FGR
FER
FER
FER
FCR
FGR
FCR
FER
FER
FCR
FeR
FGR
FCR
FER
FOR
FER
FOR
FCR
FER
Fer
FCR
FCR
FCR
Fenr
FCR
FOR
FGR
FCR
FGR
FER
FER
Fer
FeRr
FER
Fer
FGR
FeR
FCR
FGR
FER
FGR
FER
FGR
FER
FeR
FER
FCR
FER

2050
2050
2070
2080
2020
2i00
2110
2120
2120
2140
2150
2160
2170
clEp
2190
2200
2210
2220
2230
2240
22350
2250
2270
2230
2290
2200
2310
2220
2330
2340
c350
c360
2370
2380
2290
2400
2410
2420
243
2410
2450
2460
=Gl
2480

<20
2500
c510
c520
2530
2540
£550
2550
2570
&80
2590
<600
cGlo
£620
cG20
2640

-3




iy ————— -._,_J

DO 131 J=M,NA FOR 2650 }
R=R+HS (I, J)#HS(Jy IEN) FOR 2E60
131 CONTINUZ FOR 2670
132 IF (WIM(I).GZ.ZER0Y GO TO 133 FOR 2680
22=1 FOR 2620
S=R FER 2700
GO TO 12 FQR 2710
133 M=1 FCR 2720
IF (WIM(I).NS,ZERDY GO TO 134 FOR 2730
Tl FGR 2740
IF (4.EQ.ZERD) T=RDELP*RNORM FOR 2750 l
H3(I» IEM)=—R/T FOR 2760
GO 70 125 FGR 2770 !
c FER 27€0 }
Castxnnn SOLUE REAL EQUATIONS FOR 2790
C FQR 2800
134 K=HS(T, I+1) FOR 2810
=H3(I+1, 1) FOR 2820
0= (HRLCT =PI % (URLCT)I~PY+WIMCI ) %WdIMCT) FQR 2820 '
T (HrS-225R) /0 FGR 2840
HS( I, IEN)=T FOR 2850 !
IF (ABS(%).LE.ABS(ZZ)) GO TO 135 FQR 2860 {
HS(I+1, TEN)=(~R-W=T) /¥ FOR 2870 i
60 7O 133 FOR 2880 '
135 HS(I+1, IEN)=(-5-Y*7) /22 FOR 2830
138 CONTINUE FOR 2S00 s
C FAR 2910 !
Cosnrnnn END REAL VECTOR FER 2920 ;
c FOR 2930
GO TO 145 FOR 2940
C FOR 2950
Coesztosne® LAST UECTOR COMPONENT CHOSEN FOR 2250
Crusmun IMAGINARY SO THAT EIGENUVECTOR FOR 2970
Cosnnnxs MATRIN 1S TRIANGULAR FQR 2S80
C FGR 2530
137 M=NA FGR 3000
) FGR 3010
Cortsnxn COMPLEX UECTOR FQR 3020
C FOER 3030
IF (ABS(HS(IEN,NA)Y).LE.ABS(HS(NA, IEN))) GO TO 138 FGR 3040
HS(NA» NA ) =8/HSCIEN, NA) FOR 3050
HS (NA» IEN)=-(HSCIEN, IEN)-P) /HS(IEN, NA) FGR 3080
GO TO 139 FGR 3070
133 EONTINUZ FOR 3080
23=CHPLX (ZERD, ~HS (NARs IEN) ) 7CMPLX (HS (NA, NR)Y =P, B) FGR 3090
HS(NAsNAY=T3(1) FGR 3100
M3 {NA, IZNY=T3(2) FQR 3110
139 HS(IEN, NA)=ZZR0 FQrR 3120
HSCIEN, TEN)=0NE FQR 3130
IENMR=NA-1 FOR 3140 ‘
IF (IENM2.EQ.0) GO TO 145 FGR 3150
DO 144 Ii=1,iENM2 FOR 3160
1=NA-I11 FGR 3170
W=HS(1, 1)~P FOR 3180
RA=ZZR0O FOR 3190
SA=MS (I, ITV) FOR 3200
DO 140 =1.NA FOR 2210
RA=RATHS (T, 1) #HS(J, NA) FOR 3220
SH=BA+HS (T, JI#HS(Js IEN) FOR 3230
140 CONTINUZ FGR 3240
199




¢ ' 4 T
IF (NIMCIYL.GE.ZZRDY GO 70 14)
2=
R=RN
S=8n
CO T0 144
141
142
c
Cosrans COLUZ COMPLEX EQUATICNS
(¢
142
*IMII-0%]
ITCURVIOL vuﬁN) ”7.:1.2320) UR=RIILP=NCRNM* (ARG (Y +ABS (DS
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:ll.;.J..\)w..JD )\
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N
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ZZRGA-IERAICHPLRIUR VDD

Pt o mmay e
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IF (R33N

143

(ToPIN) > =53 I, I N M/ 2HPLR(ZZ, 3D

144
c
Crwnnnn =MD CONPLIX UINTOR

145 CONTINUZ
Caszuns TND BACKSUISTITUTION
Catstmases VICTOR3 CF ZSJLATID R3JI7TS
c

T a7

C
Cosasnz MULTIPLY 3Y TRANSTIRMATION MATRIX
c

2 (J.r.\ﬁJﬁl‘lsf'(m,J)
143
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143 CONTZINUZ FeR
183 CONTINUT FER

GO 70 Y5 FeR
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102

c

faf 222 1 2 3

c

103

104
105

c

Cat it 240

c

106

107
108

DO 102 II=M,L
I=MP-11
B(I)=R(I»M-1),SCALE
H=H+D(I)#D(I)
CONTINUE
==-SIGN(SART(H), D(M))
H=H-D (=G
D(M=D{M)~-G
DO 105 J=MsN
F=ZERQ

00 15 I=L,Ms-1

DO 103 II=M,L
I=MP-11
=F+D(D AT, 1)
CONTINUE
F=F/H
DO 104 I=M»L
R{I, )=ACT, D-F#D(I)
CONTINUE
CONTINUE
DO 108 I=1,L
F=ZERO

DO 30 J=LsMy-1

DO 108 JU=M,L
J=MP-JJ
F=F+D(J)#A(TI, J)

CONTINUE

F=FH

DO 107 J=M, L
ACT, D=A(I,J)-F=*D(J)

CONTINUE

CONTINUE
D(MIY=SCALE*D(M)
A(M> M-1)=SCALE#G

109 CONTINUE
110 RETURN

END

FHS
FHS
FES
FHS
FHS
FHS
FHES
FK3S
FHS
s
FiiS
FHS
)
FiiS
x]
FiS
FHS
FHS
S
Fiis
FHS
F1iS
RS
Fis
RS
FHS
FHS
FiS
FiiS
)
FHS
FS
Fi
FRS
FHS
F1is
FiS
FHS
FHS
FHS
FIiS
FIiS
FHS

270
e
280
400
<10
<20
430
&40
450
450
470
450
480
£a0
510
520
S30
40
850
=350
570
S&0
890
00
G10
820
GZ0
G40
650
E50
G70
EEN
Gso
700
710
eo
730
740
750
G0
cro
780
7SO




SUBRQUTINE GZ0C (N.EU,EURLS, BMAT» CMAT, DMAT, BH, CH» X, ¥» NPCRT, PR» MP, MGZC 10
18) GzC 20
C cz2C 30
CHEII5 26 2050 S0 9 0030 303433362630 30 3038 3656 38 3 36 396 36 28 36 36 38 36 363 363536 3036 0836 36 36 3 30 303 326 36 563038 26 963 96 6 24 30 24 3% o e 0 G7C 490
c # ®C2C 50
Cexxnaxr THIS SUB-PROGRAM PERFCRMS THZ FOLLCUING FUNCTICNS: *GZ2C 60
c * 1. B3TAIN ANI STORI COMPLETZ INFORMATION AR2CUT THE *GZC 70
c »* OPZN-CIRCUIT IMPZIDANCZ MATRIX IN PARTIAL FRACTION «5G2C €0
Cc » EXPANSION (PFE) FORM, «C20C i)
c * 2. CEICK GF JW-AKIS OR REPIATED ZICTINUALLES. ®Z2C 100
c * 3. PRINT ENTRIZS OF ZQC, IF RIQOUISTED. «G2C 110
c * ®xG2C 120
Costsnuxr  THIS SUB-FRICRAM UZIS THZ FOLLOWING SUSROUTINE: *G2C 120
Cc #* 1. CGZOCFR #GZ2C 140
C * 2. ®#xs | INTO4 =##x | TERARY DEFINIDINT ROUTINE ¥G2C 150
C * *C2C 60
Cosxxex  THIS SUB-FROGRAMZS CLOSSARY COF FORTRAN NAMIS: #52C 170
c #  ALL UARIABLE NAMIS AND ARRAYS AS DIFINZD In SUS-PROGRAM AMAIN #CzZC 180
C * #C2C 190
3% 9 935 9638 35 98 3 6 25 36 3690 26 SH36 96 35 96 34 S5 06 TEIE 303 5T 6T 36 UM SRR EA I AR RSN RS AL AR RN RECCC 200
czC 210
COMPLEX EUARLS(LY, EUNS, 1), X (MBS, 13, Y (MS, 13, S IM, BHUMS, 1) GzC 220
COMPLEX ChHP, 1) GzC 20
INTEGEIR ER» TVYPE,FR GzZC 240
DIMZINSION EMAT(MS, 1) CMAT(MP, 1)s DMAT(NP, 1)y NPCRT(1) GZC =50
COMMON #ENGS~7 NCAP» NDUS, NRES, NINDs NBCS, NCPRT GZC €80
c G2C 270
Cos##x03TAIN THZ INUERSZ GF THZ MOLAL MATRIX G2C 230
c czC 290
DJ 104 I=1,»N Gz2C ZzZoo
b3 1082 S=1,H Gz€C CG10
ie2 VI, J)=CiPLX(N.00,0.00) G2C 220
104 ¥Y(1,I)=CMPLR{1.05,0.00) G2C 223
c G2C 240
Conewnasannzaey2SYSTEM DIFZNDENT RCUTINE FOR FINDING INUERSE OF A COMPX CG2C 250
Cost et rxs 1ATRIN GzC 350
c GzC 370
CaLL LIMEZGE (EUs Y20, My Ns IERRD GzC 280
IF (TENR.NZ.0) GO 7O 122 GzC 390
DO 103 I=1,H G2C 400

DD 105 J=1,N GZC 410 4
=RZAL(EU(TIL J)) CZC 420
UsATIAG{ZUC(I»J)) G2C <Zu
U1=REAL(H(TI,J)) G2C 440

UL=ATHAGTTI ) GZC 450 K
IF (RE3{W).LT.1.00Z-15) U=0.0000 GZC 460
IF (RESCMLLT.1.003-15) U=0.0000 GZC 470

IF (FE3MUD)LLT.Y.00Z-15) Ur=0.000 CzC <80 i
Ir ¢AD3ULY,LT.1.002-15) U1=0.000 €ZC <490

EUCT, J3=CMPLKR (U U) Gz2C 500 %

NIy J3=CHPLK (UL, UL GzC 510 i
103 CONTINUZ GzZC &2l
c ZC 530

Cuoaxn» FCRIM THIZ TINU=DMAT FRCG2UCT Gz2C €40 }
c czC €50

DO 110 I=1.N GzZC E50 !

DO 1190 U=1,0.CPRT CzZC 570 i
SUM=CiPLI(0,0000,0.0000) GzC €t

T3 103 K=1,H CzC S99 |
103 CUN=SUMHICL O #IHAT (K ) GZC &O00

i

203




BH(I,J)=SUM Gzc
110 CONTINUE czc
c Gzc
CuunuaFORM THE PRODUCT CeT czC
c G2C
DO 114 I=1,NCPRT GzC
DO 114 J=1,N czc
SUM=CMPLX(0.00,0.00} Gzc
D0 112 K=1sN GCzC
112 SUM=SUM+CMAT (I, K #EUCK, J3 GzC
CH(I»J)=5UNM GZC
114 CONTINUE czC
c :ZC
Cesnss CHECK FOR REPEATED OR JW-AXIS EIGENVALUES: cz2c
c CzC
INARN1=0 GczC
IHARN2=0 Cart
DO 120 I=1.,N cze
UL=REAL(EUALS(I)) czC
U1=AIMAG(EVARLSG(I)) czC
J=I+1 GZe
116 IF (J.GT.N) GO TO 118 czc
U2=REAL (EVALS(J)) G2
U2=AIMAG(EVALS(J)) GzC
AU=ABS (U2-U1) GzC
AU=ABS(U2-Ul) Gz
IF ((AU.LT.1.000E-08).AND.(AUV.LT.1.00E-08)3 IWARN1=1 GZ2
J=J+1 czc
GO 7O 116 G2
118 IF (ABS(U1)>.GT.1.00E-08) GO TO 120 GZC
IHARNZ=1 GzC
EUALS(I)=CMPLX(~-0.1000,V1) G2C
120 CONTINUE czC
IF (IKARNL.EG.1) WRITE (6,124} Gzl
IF (INARNZ2.EG.1) WRITE (6,128) GZC
c G2C
Casn#alRITE THE INUVERSE OF THE NODE ADMITTANCE IN PFE FORM, IF DESIRED CZC
c GzC
IF (PR.NE.1) RETURN e
CALL GZOCPR (CH» BH, Y. N, NPORT, DMATs EVALS» MPs MS) czc
RETURN =ZC
122 WRITE (6,128) GzC
RETURN GzC
c cZC
124 FORMAT (1HO, 13H=% UARNING ##%, /1H »47HREPEATED EIGENUALUZS, ANSWIRSC2ZC
1 MAY BE INACCURATE) CceC
126 FORMAT (1HO» 13H##* LARNING ##,/1H ,37HJW-AXIS POLE PRESENT HAS BEENGZC
1 SHIFTED) CzC
128 FORMAT (1HO0,Z22HSINGULAR MODAL MATRIX ) CzC
CzC
END EZC
SUBROUTINE GZOCPR (CHAT.BHAT, Xs NSTU, NPORT,» DMAT EUALS, MPs MS) cze
c GzP
S0 00-000-00-90.90-00.00 34 06 36000000 310000400000 98 003090 50 20-38.00-00 0630 003600 000030 30 54 0130 000 -0 06 00-16.30-55.30.96 36-08-90 00 30 003000 30 00 300040 - 1. 7 O
Cesnunn THIS SUB-PROGRAM PERFORMS THE FOLLOWING FUNCTION: ®5IP
c » 1. PRINT THE ENTRIES OF THE OPEN-CIRCUIT IMPEDANCE MATRIX®:ZP
c » IN PARTIAL FRACTION EXPANSION FORM,» IF RzQUESTED. &«CZP
[ " wCZP
Cennans THIS SUB-PROCRAM=S GLOSSARY OF FORTRAN NANMES: ®GZP
c » ALL UARIABLE NAMES AND ARRAYS AS DEFINED IN SUB-PROGRAM #GZP
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EZ20
G390
640
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e
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740
750
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S

€40
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€40
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: e e s e
v

c » Z0C. ~GZP 100
; c » *CZP 110
; 43000 303050 30026 0000 30 30 030 00 30098 96 30 5535 33038 38 -3 36363636 34 36 98 T 38386 563620 3 30 3 36 36 363630 36 T 96 3696 3 30 966 36 34 4 - HH-H N RN C7P 120
, c GZP 130
; COMPLEX CHAT(MP, 1), LHATINS, 1)y X(MS, 1), EURLS( 1) GZP 140
: DIMINSION NPORT(1)s DMATIMP, 1) GCzP 150
{ COMMON 7ENO3-/ NCAP, NDUS, NRZS, NINDs NDCS, NCPRT GzP 160

WRITE (6,108) CzP 170

[0 104 I=1,NCPRT CzZP 160

DO 104 =1,NCPRT CzrP 182

WRITE (B6,108) NPORT(I)sNPGRT(D GZrP 260

BO 102 K=1,NSTV GZP 2i0

102 R 1O=CHAT (T, K3 RBHAT (K, 1) GZP 220
WRITE (6,110) (X(1,K),ZUARLS(K)I,K=1,NSTU) GzZP 238

WRITZ (6,112) DMAT(I, D) Cz2P 240

104 CONTINUE GZrP 250
RZTLRN GzP 260

c CzP 270
105 FORMAT (1H1,29H3PEN CIRCUIT IMPEDANCE MQTRIX) GzP E80
103 FORMAT (1XeBHZ(» 1K 125 1He s 10 I2s2H) 5 #1H , 12X, 7HRESTIDUE, 27X, 10HEIGGZP 290
1ENUALUD) czp 300

110 FCRMAT (1H ,S5X,E12.5,2H+J,512.5,4X,E12.5,2H+J, E12.5) Gz2P 310
112 FORMAT (1HO, SHCONSTANT=»£12.5) GzP Z20

c GZP 30
END CzZP 340
SUBROUTINIT HORDR1 (NFRZQ,NSTU, BHAT, CHAT» EUy Hs NEFREQ DMT, 25,5 251, LOSHOL 10
IRC,NZTsNZT1:MIHs PHASZ, MNPy MS) FOL 20

c B0l 20

TS0 3638 06 36 36 5435 33 3 K00 38 35 P96 38 38 38 30 26 31 38 38 3 96 3438 5 552 SHI I3 3030 I I U TE I IE 555K 06 2 3% e - e HO L 40

C * #HO1 50

Cxwemtx  THIS SUB-PROGRAM FERFORMS THEZ FOLLDWING FUNCTION: #R01 <0

c * 1. COMPUTZ THZI FiIR3T-ORDIR TRANSFIR FUNCTIGN AT EACH *HO1 70

c » POSITIVZ AND NIGATIUE INPUT FREQUENCY UVALUE. «H3O1 €0

[» * *HO1 S0

Cannanr  THIS SUB-PROGRAM#S CLOSSARY OF FORTRAN NAMIS: #HO1 100

c * NFREQ ¢ NUMBIR CF PDSITIUE INPUT FREQUENCIES *H31 110

£ »* NSTV t NUMBER OF STATE UVARIABLES (CIRCUIT COMPLEXITY«HO1l 120

C * H(I, ) ¢ I-7H PORT FIRST-ORDEIR TRANSFER FUNCTION VUALUE#HO1 120

c » AT H1(JY) FRIGUENCY UAaLUE : *HO1 140

c #* ALL OTHIR UARIABLE MAMIS AND ARRAYS AS DEFINED IN #H01 150

c * SUB-FROCRAM AMHATIHN #H01 160

c = *HO1 170

T8 30902090 3 2098 3530 00 38 3400 38 9025 3006 38 3835 36 33 6 3056 S35 53 31 35 26 $456 2 36 $1 0 I 06 98 30 21 30 3 M0 I 0 R N A BN AR ERRwRwRH]] 180

c HO1 1990

COMPLEX SUMsS,EUC1),CHATIMP, 1) BEFAT(MS, 13, H(MP» 1), TH HO1 200
DIMINSION DMT(MP. 1Y, NFORTC(L) EO1 210
CGMMON 7C0Z7 WL1C(10),ANPCL00, TH(10) s LUNIT HO1 &29
DIMINSION FHASZ (5 H01 220
COMMON 7016/ NCONT(Z2), JCANT(10) HD1 240
CCMMON #ENOS/ NCAP,» NDUS, NRIS, MINDs NDCS,» NOUT HO1 &50

c HO1 &G0

Cenanss FORM POSITIUZ AND NIGATIVUZ FREGUENCY ARRAY FCR ANALYSIS HO1 @27

c HO1 220

L0 105 1=1,NFREQ HD01 @290
K=NFRZ0+1 K01 200
PHASZ{I =3, 141552654#PHA5Z({1),180.0000 HO1 310
TH(I)=CMPLX(0.0000,PHASZ{IY) =01 220
THGO =CMPLK(0.0000, -FHASZ (1)) KOl 330
AMPO=AMP (D) HOl 2340

103 WI1GO=~-H1(1) HO1 50
205
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c F31
Cexsex# OSTAIN THZ FIRST-CRDTIR TRANSFEIR FUNCTION AT ZARCH FREQUINCY POINT @32
c .
DD 140 L=1,NF!
Ir C(LUNIT. EU.-A HZ) WI=2.00000%#3, 14:153223334=31(L)
=CMPLX(0.00, NI}
DO 1325 I=1,NDUT
SHUM=CiPLII(0. 005 C.C0)
EQ 110 H=1,N37U
110 SUNMN=SUMECHAT I, O#DHATOG 13 7(5-20 1K)
DHAT=LMT(I, 1)
GO TO (115,120,283), NZT

115 (T, 3= (SUM+CHPLIK(EHAT, 0.0C002 ) /CHFLR(ZS, 0.000)
CO TG 129
120 H(T, L) ={SUNM+CMPLRIDPAT» 0. 00302 X 12543
CO 70 139
123 H{Ty L)=(SUM+CHPLYIBHAT» 0. 08001 ) 72573
130 HOTs NFREC+HL )= CGHJS(H(Z,LJ)
1355 CONTINUE
c
140 CONTINUZ
>

Cwwwwn COMPUTE RESPONSE DUZ TO SICOND-CINIRATCRs IF PRISEINT
c
IF (MIX.NZ.1) GO 7O 175
INPE2=NCONTI{LGSRE?
NZFREQ=2=NFRZ0
DO 170 I=1,N0UT
SUN=CMPLK(0.0000,0.C900)
D3 145 i{=1,NS7V
145 SUMRCIMACHAT (T, IO #DHAT U, INPRI/(S-ZU{X)2
DHAT=DMT (I, INP2)
GO TO (150, 153,160y, PN2ZT!
150 H{Is NFRZQ) = (SUM+CMPLK(BHATY 0. 0003 1 /CHPLK(Z281, 2. 5900)
GO TO 163
155 HCI, NFRZO) = (SUM+CMPLI (DENAT, 0. 000) #2803
GO TO 1.G3
1690 H{Is NFRZQY=(SUM+CMPLY(DHAT, 3. 0000 ) /25175
1635 H{Is REFRZDI=CONJS O I, NAREDY D
170 CONTINUZ
175 RITURN

C
END
CUBROUTINT HCRDR2 (NFRIW, MNSTU, NNILEM, ZU, DHAT» CHAT He 2, NSFRED, W2, -
1ICS, TENMP BMT» N2FRP Ty FCU» NPBUT» 142 113D e
c

G603 362030 20 33 2 33 95 3535 3338 3 3530 30 36 38 38 35 5 38 5550 38 S5 385351 SHSESHSESE 33 38 3 02 5E 3 SE 3638 SE N TR 56 SE3H 51 3E 3 55 2030 I 30 00 30 04030 2430

Cc -3

Coanxaxr THIS SUB-FROGIAM P_\|C M3 THEI i
c » 1. CCHPUTE ThI £Z C3?3-C? SSTION UALUES AT
c # COMBINATION 0F N FAIR G . IhELT
c “ FRZOUINCY CALUZIS.
c »
Cownsex THIS SU3-FROCRANAS C'ﬁ
C * H2{T, D :
C # .
Cc # W31 : EAnl 2 UALLE ﬂ?f:ﬁ?‘f; z
c @ X
c # N2FRPT :
c »
206
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it o, e

FCU(D)

» FRICUINDY COMBINATION CODZ 002 1g
- SIC2AL)

-3

[

TN e
CUIRTNT SOURCZ TUI 7O THI L-TH &b32 150
NT #H22 200

AND RTNAYS A5 DIFINED IN CHJE =10

w s

FLL OTHER

aoaaaaon

= CUZ-FROGRAM AR #H02 220

2 €02 L3
T2t 2030 00 2130 2000 B33 2650 3150 3528 308 S50 35T 3T 0 00 S 0E S0 S 48 2608 05 S0 RSB 2 HAE N T WMWK N AW FM AR R RIVARANTD 24D
=619
FCUCY) £5%
CUMA S EULL Y THATINS, 1Y THAT (P ! 270

CROBIESY S 3,02 C3, S35, TH ce
DININBICH W2(1), cs0
CoMman #7301 3 230
CCVMEN #0037 4 G
CIvmMan #0137 1 Z2¢

cC oM /;;\.C'J/ rh,rn i ZVSeT 2

LATHY hLsaninls 25

K= I
NITRIC=E=NFRZI0 =5

c 7
Cosemmn I TIALTZS Qe
c 230

Cawnax COMPUTT SIZCIND-CRIZIR TRA

ER FUNCTIONS AT SACH FRIOUENCY COMBI

r3 183 a3

) 459
CUWM=l 470

e ad

[ S0

i A I 530

ir LI HZ) DUM=2.00020023. 14158353 4# 1T +WNLILII)) 510

< 03, 0N Z20

c S30
Crsawar FGIM IR CURRINT ECCURCT vz=CTer £4
c 39
LI iZ3 i=1,NNILENM €3

LI=30 U =15+NF2UT+2 S70
TCONL=NCCNTL °39

\‘_'_\: .':V 3,'_1 E 0

"n:\; 1Y J

GO 70 (i10+115,:070123)s INSEX

c
Canmzxa NINLINZAR CAPACITIVYT SOURCE
C
1io ERI2MLI=H(ICONL, ZII=HIICONZy L) #AT (L, 23#5
2 €2 70 8
‘ c
: Ceswan NINLINIAR INIZUCT

-~
-

T Iy
- 5 ds
O«

PR
CTURCE

115 732 £ 50 133
Sl TIIEHIITONZ, JJIRAT(L, 2) /8

-1
[N
> O

722

¢ 720
Cowmasn NONLINIAR [IFINTINT COURII “30
¢ TE
) ! =20
SIS, ddlE KC2 770
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SRR

88= (H(ICDNl-II)*H(TCOhE,JJ)+H(ICOPEyIT)*H(TCDNI:JJ))'QI(L:S)F”’ 720

1 ~2.00
SRC2(L)=+(SP+EG+ES)
GO TO 130
c
Cwwwun NONLINEAR RESISTIUSZ SCURCE
c
125 SRC2C(L)=H(ICONL, IT)*H(ICON2, JJI*AI(L,2)

130 CONTINUE

C
Coswnue FORM 20C( S1+4S2 )
€
D0 140 J=1,NCS
DO 140 M=1,NCS
SUM=CMPLX(0.00,0.00)
B8 135 L=1,NSTU
135 SUM=SUM+CHART(Js L) #BHAT (L. MY/ (S~E1J(L))
DHAT=BMT (Js» M)
TEMP (J» M3 =SUM+CMPLX (DHAT, 0. 0000
140 CONTINUZ
C
Cownnn OBTAIN SSCOND-ORDIR TRANSFER FUNCTICHS
c
DO 159 J=1,NCS
SUM=CMPLX(0.00,0.00>
DO 145 M=1,NNILEM
M3=3T#(M-1)+NPCUT+1
ICON=NCONT (M3
145 SUM=SUM+TEMP(Js» ICONI#SRC2 (M)
H2(J» K)3=SUM
IF C(NTYPEC(J).EQ.NL).AND. (TUML.EG.00.00)) H2(J,K3=0,00
150 CONTINUE

155 CONTINUE

NEFRPT=K
RETURN
c !
END F“D 11890
SUBROUTINE HORDR3 (NFR,NSTU, NNELEM, EUs EHAT, CHAT,» H19H2s N2F» W3» H3, NIHO2 0
1CS» TEMP, DMT s KK» FCU» NPOUT» MP, MS) R23 Eg
C T3 z
C30090-00-0036 9836 3836 36 36 36 30 30 363636 3630 3093698 30 30 38 36 3658 36 3636 36 36 3620 303630 I8 36 36 36 36 38 SE0 38 3636 20 36 36 36 3638 T30 38 31 T390 3 3 H-HH 06 5 T &0
c * :
Connnns THIS SUB-PROGRAM PERFORMS THEZ FOLLOWING FUNCTION:
c » 1. COMPUTE THE THIRD-CRDER TRANSFZR FUNCTION URLUES AT
c » EACH POSITIUZ COMBINATION CF 4H?_- 351TIVE AND
c » NEGATIVZ INPUT FRIBUINCIES TAXKEN AT A TIME.
[od »
Cennsnnr THIS SUB-PROGRAM#S GLOSSARY OF FCRTRAN NAMIS: i
c » H3(I,d) : I-TH PORT THIRD-CRIZR TRANSFIR FUNCTION UALUZ ﬂh3°
c » AT FRICUTNCY W3}
cC L W3l P J-TH PO3ITIUE FREQUINCY UALUZ AFPZARING IN
C » THE THRD-CORDER SPECTAUM
c - FCUJD) TOHSCD) FRIZQUINCY CONISINATION TO3
c » SRC3(L) : THIRD-CORICZIR CURRCINT SOU=CZ DUZ IC L-TH
[ hd NC\L NZAR ELEMINT
c - ALL OTHER UARIARELI MAMIS AND ARRAV3 A3 DZFINED IN
C » SUB-PROGRAM AMATI
[ »
G 055000 100000 0000 000030 330 240030 90 52530 054 50 5 36 SH 56 98 06 5 430 30 98 50 56 5562 D 526 28 56030 0038 36 1 2620 30 E 00 00 SEIH 2630 00 0 2 00 8 1) o2
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INTEGIR FCU(L)
COMPLEN SUM, Sy EU(1), EHAT(MS, 1), CHATIMP, 1), H1(MP, 17, H2(MP, 1), SRCI(EH03

HO3
HOS

1850, TEHP (MR 1) H3 (TP 1), 631,622,623, 634, 6231, G232, 6233, G234, TH 33
DIMENSION Na(l); DMT (MR 1) FO3
CPHMOI /00t NTYPI(103,AZ(10.D O3
CCcMMoN #0037 N1C10), RMPTL0D, THTL0D, LUNIT HO3
CLnnUY <0167 NCONTIZ23, 20N (10) HO3
COMMON ZENDS~ H:QP»N]vD’IA_J' NDy NTTSWNCS HO3
DATA NL-s2HNL7 03
KX=0 =03

c 33
Cxwwnn INITIRLIZZ HO3
€ 33
£9 10 HO3

163 ERC3C HG3
O3

Cuwwxs COHPU HO3
c HO3
L3 155 HO3

T3 L85 03

L3 153 03

EUii=! HO3

= F ( =03
= HO3
H3GUG=2UM RHO3
FEUUO=1008I+100d+K HO3

IF (LUNIT.EQ.LEH P") BUM=2.0000%3,141522654=DUM H33
C=CHPLRI{T, 03, DU KO3

I I-138M37 T (1'13/2 na3

HG3

+03

J1=00-10aNEF=Ca =12+ 33

c 33
Crwxwn FURM NONLINZAR CURREINT SOURCE UZCTOR H23
c 33
BO 179 L=1, NNIZLTM HO3
L3=32(L-1+1200T+2 +03
IC1=NCONTILE) HO3
IC2=NCONT(L3+) +03

G3i=HICICLy I uHI(ICL, II=HI(ICLL KDY O3
GE231=1110IC1, I #2(IC, J1)+HICICL, J)y#H2(ICL, I2)+H1(IC1, K)#H2 (D3

1 ICle 11 03
G2Z1=2.0000x5231-3.00050 KO3
INDTR=JCONTIL) =03

GO 70 (1:10,1:15,120,123), INDEX R33

HO3

Cosmwn NONLINZAR CAFPACITIVUTZ SOURCE HO3
c O3
110 CREB(LI=(G31#ATIL,3)+6231%AI(L,2) I%S HO3
GO 70 1Z HO3

c =33
Cannwr NONLINZAR INZUCTIUZ SCURCE 03
c HG3
115 IF (DUM.ED.M.00) GO 70 130 03
SRZZOY=G3IMAT(L, 3)4G23I%AT(L,2) ) /S =03

GO 70 139 HE3

c HO3
Cuawas NONLINZAR CIPINDINT SOURCE HO3

c

HO3
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2a0
270

300

339

530
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600
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630




120 G232=H1(IC2, I)%H2(IC2, J1)+H1(IC2, J)#HI(ICRH I2)+HI(ICE,K)*H2(HO3 €3

1 Ica,11) H3Z €40
G233=H1(IC1, I)*HR(IC2, J1D)+H1(IC1, ) #H2(IC2, I2)+HICICL,K)®H2(HK03 £330

1 IC2, 1) HOZ €3
G234=HL(ICZ, I #H2(ICL, JI)+H1(IC2y JI*H2(ICL, I2)+HI(ICR, KO *H2(RIZ &70

1 ICi, I H3Z €39
G32=H1(IC2, I)sHI (IC2y JI=HI(IT2, KI*AI (L, 7?) HQ3 €20
G33=(H1(IC1, T3#H1TICL, N2aH1(IC2, KI+H1(ITL, HI*HIC(ICL, KI#HI(ICKT3 €00

1 2y IIHICICLLO=HI(ICL, [I#H1(IC2, J))%A1(L,8),3.0090 H3Z 819
G3a=(HLICL, II*H1CICS, JOsH1C(IC2, O+HICITL, DI#H1(IC2, KO #HI(ICHD3 <20

1 2, IDFHI(IC, KO =KL (12, T)=H1(IC2, J1I%AI(L,9)-3.000 n03  E23
G231=C231=AT (L, 3) HO2  S46
5232=2.0000#G222=+AT{L,4131,3.00000 RG22 €390
SRCI(L)I=G231+G232+{G233+6234 A1 (L, 5) /3. 00+G3.2AT(L,5)+L32+5-03 €39

1 33+G24 HC3 €70

GO 70O 130 KO3 €39

c KO3 €29
Cwswnax NONLINZAR RESISTIUZ SCURCE {23 1000
[ F33 1010
125 ERCI(L)=G31=AT(L,3)+CR31#ARI(L,2) FQZ 1029
130 CONTINUE F33 103

C ROZ2 1040
Cewnu® FORM 20C ( S1+52+S3 ) HG3 1€30
C HZ3 1030
00 140 J4J=1+NCS rT3 1CGT0

DO 140 M=1,NCS 23 1050
SUM=CMPLKX(0.00, 0.00) EG3 1090

DO 135 L=1,NSTU =03 1100

135 SUM=SUM+CHAT (JJd, L) #BHRAT(L, M) 7 (S-EU(L)) KO3 1110
DRAT=DMT (JJs M) KO3 1120

TEMP (JJs M)=SUM+CMPLX(DHAT, 0. 0003 HO3 1120

140 CONTINUE 03 Ll
00 150 JJ=1,NCS :

SUM=CMPLX(0.00,0.00) KO3 1160

DO 145 M=1,NNSLEM KO3 1170
M3=3#(M-1)+NPOUT+1 03 1i8

ICON=NCONT (M3) RGZS 118

145 SUM=SUM+TEMP (JJ, ICON)#SRC3 (M) KO3 1200
H3 (U, KK =5UM HO3 1210

7 OCINTYPEC(JDY LEQ. ML) L AND. (DUM.EQ.0.00)) H3(JJ»KKI=0.00 FED2 LEZ2D

150 CONTINUE KO3 130
H03 1g240

155 CONTINUE HO3 185
RETURN HR3 183

C =03 1270
END FG3 1£30
SUBROUTINE IWRIST (NFREG,HI1,NPORT. IAP, NOUT,MP3 T 10

[o4 it 20
Cmi'&llﬁﬁiﬁ"*’*"#*!ii**{*l*il 3626 I 3 S A T 22 HHE T I I I W WSS TN I 2 2 I I 'w‘_" :“
Cc » =ILL <0
Cownnnr  THIS SUB-PROGRAM PERFORMS THZ FOLLOWING FUNCTION: LA 0
c » 1. PRINT THEZ FIRST-ORDIR TRANSFER FUNCTION AND OUTPUT =711 60
C » UOLTACE UALUES AT EACH POSITIUE INPUT FRIQUINCY UALUT #Ti1 70
C » AT THE RZGUESTED PORTS. #1001 €0
C » #IHL ot}
Cenunur THIS SUB-FROCRAMAS CLOSSARY OF FORTRAN NAMZIS: «Iii1 100
C - H1(I,J3 P UPON ENTRANCZ: I~TiH PORT FIRST-ORDZR TRANSFZR=Ii41l 110
c » FUNCTION UALUZ AT M1CJd): URPOM ZXIT: I-TH PORVs:il! 180
c » CUTPUT UOLTARGE UALLE AT FREZGUINCY NW1(D) #1120
C b 1AP ! PRINTING OPTION FLAG UARIABLE #1401 140

210

A L e




c » ALL OTHER UARIABLES NAMIS AND ARRAYS AS DEFINED IN #I1
c = SUB-PROGRAM a TAIN, ©1i)
c = #IL)
C*“I**m**i*ii*ﬁ&*#iﬁﬂ*iﬂ*ﬂ%ii'i-ili—**ﬂiiiii#**k**#*!lli*ii&i*ilimi I I 1
c I
DIMINSION NPCRT(12 1H1
COMPLER HIMP, 1)+ TH I
COMMON #0037 W1(10),AMP(L0)s THIL10)» LUNIT IW1L

c COMMON /ENGS7 RCAP»NDUS, NRZS, NIND, NDC3, NCS N
W

E***** CHZCK IF RESPONSI IS 70 ET PRINTED AT ALL IXTRACTZD PORTS IK
W

I7 (IAP.EB.1) GO 7O 103 T

L=2 Tl
K=NOUT AR}

G2 TO 110 Wi

105 L=3 TidL
K=NCS I

c Il
Cxuawn PRINT THT FIRST-CRTIR TRANSFER FUNCTION AND RESPONSE AT EACH T
Casamn QUTPUT FORT AND FRECUINGY iU
C 11
110 DO 130 I=1,NFREQ TH1
WRITE (B,133) I,W1{I),LUNIT 53}

WRITZ (6, 140D Iul

WRITE (€,143) Ikt

DO 123 J=L,K Wl
I0UT=NPORT () Il
AMAGN=CAZS{HI(IOUT, 1)) Ikl
U=-REAL{HI{IOUT, 1)) Wi
U=~ATMAGIHL(ICUT, I Wl

HLCIBUT, I)=AMP (I3 ¢H1(IQUT, I)*CEXP(TH(IY) nt
YHMAG=CABS{(HI(ICYT, 1)) IHL
YU==REZAL(H1(I0UT» 1)) In:

YU==ATMAG (H1(I0UT, 1)) MY

IF (AMAGN.ER.0.0000) GO 7O 115 IW1

ADB=20. 000=ALOG 10 {AMAGN) IW1

PHASZ=ATAN2 (YU, YU)*#180.000-3. 141592554 W1

GO TO 120 I{ARN

115 AD3=-1,00S+30 1L
FHASI=0.00000 Il

120 WRITE (8+150) IDUT»U»UsAMAGN: ADB, YUs YU YMAG, PHASE Iy
1235 CONTINUZ ' In1
130 CONTINUE Il
RITURN Ing

c I
133 FORMAT (1H0, 124FIRST ORDIR:, 15Xy LIHFREDUENCY( »I1,5H )= ,E10,3,2%XIL11
1,A3) Il

140 FORMAT (1HG, 34X, 17HTRANSFEIR FUNCTICNs 40X, 14HOUTPUT UOLTAGE) WL
143 FORMAT (/71i,SH  PORT  » 8K, 4HRIAL, 8X; SHIMAGINARY» Xy SAMAGNITUDE, 6IWL
1%, SH20L0BG MAG»> 9Xs 4HREAL» 8Ky SHIMAGINARY» BX» SAMAGNHITUDE » 64» SHPHASE ~ 1L

25 S 2HND5 11455 SHDZG, /5 L 3 3K 40 1H. )2 BXy 57 (1H.)» 3K, 33 C1IHL ) ) THL

150 FORMAT (IH » 412,41 7(3Ky 21281, 3% F7.2) IW1

c jYARS
END JEALY
SUSROUTINI IWREND (NFRIG, NZFRPT, H2, NPCRTY 12FC, W2 IRP, NOUT» MP) W2

c 2
5000006058 36 59098 58 2646 200036 34 35 90 55 2041 3136 36 36 38 55542930 3 4034 598 553098 3 56 96 36 365106 30 96 35 20 30 58 55 28 34051 0 030 6 M6 000 N0 T 1D
Iy » #I2
Cxwrwuss  THIS SUB-PROGRAM PZRFORMS THE FOLLOWING FUNCTION: #Ile
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150
160
170
186
180
200
210
220
230
240
250
2EN
270
£860
£30
300
210
220
Z30
240
330
ZE0
270
2589
250
<00
410
420
430
440
450
450
470
430
489
S00
510
€20
s3
540
50
ISId]
570
530
530
600
610
€23
630
640
E50
€60
670
€20
6380
i0
20
30

50

LR T

-
< W

«
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a0

[pininiviviginixinininininin]

» 1. PRINT
» VDL TRSE e
* UALUIS AT
=+
awwuxr  THIS SUS-PROGRAM:
» NEFRPT
*
» H2(I, )
*
>+
- 1I8FC(D) s
= ALL OTHIR A
= SUS-PROGRAM ARALT,
*
I

nTh"hSTOH NPCRT{L)e IZFTCLT,

COMPLEZN 20 Py 10T

T jw AMD_CUTRUT

Ea 2 2 L 2 2 L L ol L b DR Rul e e DD PR I e P R IR R R SR B e D E 2 B L )

CCMMON /003’ HLOINY, AMP AN T 2y, LN
COMMON #EN057 NP, NIUS, NOIZS, HInD, 0

E*****CFECK IF RESFONSZ S5 70 [T PRI
c

I (IAP.EQ.1) GG 70 105
L=2
K=NOUT
GO TO 110
105 =1
K=NCS

Cru%2xPRINT SSCOND-ORTZR TRANSFER FUN
Cea2#2PORT AND POSITIVI Fn_GU_N Y

110 DO 130 I=1,N2FRPY
IF (H2(I).LT.0.0C0) CO TO

Casanw DTCIPHIR FRZGUINCY COMBINATION

ICOME=I2FC(I)
II=ICON3-10
JJ=ICOMB-10%11
Li=JJ
IF (LL.GT.NFREQ) LL=NFREQ-
WRITE (B»133) II,LL,H2(1)
HRITE (6» 140)
WRITZ (65 143)
D0 183 J=L,K
ICYT=NPORTID
AMASN=CABS(H2(I0UT, 1)
U=RZAL(H2(I0UT, 1))
U=ATMAG(HR(TAUT, 1))
H2(TOUT, I3=AlP (T T #AMP (!
1 J))
IF (II.E0.J0) M20I0UT, 12
YOAS=CRB3 (M2 (I, 1))
YU=RIAL(H2TI0UT, T30
\L—n’n-P(PD( CUT- 1)
I7 (AMAGM.ET,0.0000M FO
n02=20. Oﬂlﬁ’“‘C”‘O(P“ o

FralzZ=Atni2cvu, vl ,w L0, C

D N n.,.-.

LT AR RN RN

S

I0UT, I3#CIXP(TH{IT) YRCEXP (TH( 1

U

=H20I0UT, 1) /CMPL

I el e R R R R R R NN NN

[ NS}

ey o,

Moy e =y
e
(S IS S




ICUT I AMNATNS AD3, YUy YU, YMARSG PHAST

UTNIVC 411,14, 1I2,5H D= ’ .

UILTAGT) et
<;SH.«uNITUDE;S °70
22 5R SHPHASZs vEo
3{IH.)D S

b e S
a2 2

(4}

- N sreTm ———— ——=_ 7
TWRER (HFRIE, NIRRT W2 NFIRTH I

20
PR PEPS P PP S z
= 40

= L1 4

£ 4

c

C

C

C= THIS B
C 1. FRINT ﬁTD CuUTPUT &3
C ® UoLYNSE u:C_ FRIGUINCY 0
C = VELUZS aT co
c i €l
Cexmexx  THIS SUD-FROCIANZS 100
C = NZFTPT : Ny
[ E 120
[ # H3{I, : TRANEFIR ch)
C T-TH FC?:* 140
c * CY W34 . S0
C = 160
c 3 170
c # i€9
c

[

c

IN3IGN NP
PLEROLSN :
sC027 l’(’ﬂiaﬁﬁ?"O,aTh(70’
2ZNG37 MNCAP, 12U, NRZS» NINDs

1T

]
“SaNCS

P
THTRACTET

Ceexxw CIKZCK IF RISPONZZ IS 7O LI FRINTEID FCOR ALL

~

3 PGRTS

IT (IAP.Z0.1) GD
=7
L=NCUT
G3 70 110
103 K=1
Loz

RANT AT ZACH QUTPUT

120 I=L,0TFR0T

s=rpeT e A Ty
ICIFRZR FRZCUINCY COMBINATICH

eone TIIRITY

VL=l

213




y e v - o
II=ICOMB-100 I3 <440
JJ=(ICOMB-100%I1)-10 TW3 450
KK=ICOMB-~100%II-10:+JJ I3 <50
J1=JJ IN3 476
K1=KK IN3 48
IF (JI.GT.NFREQ) J1=NFRIQ-JI W3 480
IF (K1.GT.NFREQY KI=NFREG-K1 W3 SN0
WRITE (65133) II+J1,K1,KH3CT),LUNIT 13 810
WRITE (6,140) k3 €20
RITE (B»145) W3 52
B0 135 J=K»L 13 850

I0UT=NPORT (D) W3 929
AMAGN=CABS(H3(I0UT,» 1)) LS &5
U=RZAL(H3({I0UT, 1)) IS ©7o
U=AIMAG(H3(IOUT. I IWE £3u
DIU=CMPLX(1.00,0.00) 2 zeg

IF ((IT1.EQ.JJ).0R.(JJ.EQ.KK)) DIY=CMPLX(2.000,00.00) I3 EOO

IF ((II.EQ.JJY.AND. (JJ.EQ.KXK))Y DIU=CMPLKX(6.00,0.00) IWZS 6i0

H3(IDUT, I0=1.500=AMP (I Y *AMP (JJ) #AMP (O #S3(I0UT, 1) /DIV I3 €20

H3(IOUTy 1)=H3(I0UT, 1I*CEKP(THCITI I =CERP (TH(JJ) ) #TEXP (THIKKI ) I3 20

YMAG=CRBS (H3(IOUT, I} Wz €30

YU=RZAL (H3(I0UT, 13 I3 B30
YU=RIMAG(H3(IOUT, 12D I3 €50

IF (AMAGN.EG.0.0800" GO TOD 115 I3 670
ADB=20.000*ALOG 10 (AMAGN) I3 €3N
PHASE=ATAN2(YU, "UI#183.00-3, 1415828554 I3 €29

GO TO 120 N3 700

115 ADB=-1.000E+30 TH3 7l1c
PHASE=0.000 N 720

120 WRITE (By150) IOUT»U»U, AMAGN, ADB, YU, YUy YMAG, PHASE N 30
125 CONTINUE IND 7420
130 CONTINUE LH3 750
RETURN W3 769

c 3§70
135 FORMAT (1HO, 12HTHIRD ORDER:, 15X, 1IHFREQUENCY( +»I1s 1Hs» I2s 1Hs» I2+OHIN3  7CO
1 )= »E10.3,2%X,R3) I3 7S0
140 FORMAT (1HO, 34X, 17HTRANSFER FUNCTION,40X, 14H0UTPUT UCOLVAGE) I3 670
145 FORMAT (1%, SH PORT  »8BXy SHREAL, 8Xy SHIMAGINARY, 6Xs ISMACGNITUDS, 61IL3 €10
1X, SH20LOG MAGs 9Ky 4HREAL » 8%» SHIMAGINARY » BX» SAMAGNITUDZ » 6X» SHPHASZ. ~IW3 €20

2+ 5X» 2HNOQ 11434, SHOZG, 75 1H 4 3K 01N )5 B¢ 57 (1M, )+ 3K, 33(1H.)) i3 €30
150 FORMAT (1H +4Ks I2s 3K i (3XsEL12.5)s3NXvF 7. 22 2 E50
c i3 €30
END I3 860
SUBROUTINE JSPCTM (Y1,Y2:Y3, NFREQs N2FRPTs N3FRPT» R ¥y MOUT» L2s W3s IPJISP 10

1T, YLGs MP) Ja»2 20

c Jep 2o

0500000 0300030 30 00 30 003000 00 303090 00 3000 90 38 148 3038 31 00 30 36 20 85 30 396 00 34 50 36 30 34 53 36 T8 394 00 30 300 30 30 28 30 98 30 06638 90 3 30 - 30 11 |0 40

c » «SP 50

Connann THIS SUB-FROGRAM PEZRFORMS THT FOLLLONING FUNCTIONS: *_SP €0

c - 1. PZRFORM AN vHISTOGRAM- ANALYSIS OF ALL THE OUTPUT # ISP 70

c » FREQUENCY CCMAONINTS fND COM3INE THZ RIFZATED ONES. #1502 g0

c » 2. PRINT AND PLOT VI CONPLETI CUTRPUT SPECTRUM. #15¢ <0

C » #.52 100

Cesnunn THIS SUB-FROCDAM MSZS THI FOLLONING SUEBRJIUTINIS: #JS5P 110

c b 1. JPLTSH #JSP 120

c - # ISP 1230

Cwsnan» THIS SUS-PROCRANMA3 CLOSSARY 0F FORTIAN MNANMIS: # ISP 140

c » Y1CIs ) P I-THOFORT FIR3T-0RDZI? RISPONZIE AT W1 #JSP 180

o - Ye(I.d) c I-VH POPT SIOOND-ORE TE3RPONSE AT W2 8 CP 160

C » Y3(T+ ) POI-TH POST THIPD-OREIR RISPONSE AT W3(W #JSP 170

214




"

c * NFRZQ ¢ TOTAL NUMZEZIR OF INPUT FRECUENCIES # ISP 180
c * N2FRPT $ TOTAL NUMIIR OF POSITIVZ AND NEZGATIUE #.SP 190
C » FREQUINCIZIS IN THEZ SZCOMD-0RDIR RISPONSE #_.5P 200
C @ N3RPT $ TOTAL NUMSZZIR 0F NON-NZZATIVE FREGUENCIES ®#JSP 210
c * IN THZ THIRD-ORITIZR RIZPON3E ®JSP  £320
C ® R P URLUES CF DISTINCT FRIDUZINCIZS IN THEZ QUTPUT «#USP 220
c * ERPITTRUM #JSP 240
c a Yo t 0UTRUT PORT VOLTARGE AT FRIBUEINCY FR(D) #JSP 250
c * ixtsitn) 2 CUTRPUT PORT INDEX = ISP 260
C % YLG(D) : LBG OF THI QUTRPUT UBLTARZE AT FREBUINCY FR(I) =JSP 270
c " = ISP 280
C 3635 20 35903630 25 36 34 3536 24 36 363 30 3339035 5E 2 SE3E 32 T64E 3 350 SH H20SE M D S0 434 $60F 04 3 2856 56 SH 30 9006 05 0 M N R R R SR 29
c JSP 200
COMPLEX YIUPy 17 Y20HP» 13 Y3 L)WY (1) TH JSP 310
DIMEINSICN FRCLY, L2013, H3(1), IPTL1), YLG(1)s IFRUNT(2) JSP 320
COMMON /0037 W10+ ANPLI0), TH10), LUNIT J8P 239
COMMOM 701G/ NCONT(Z2), JCONTIOD JSP 240

DATA IFRUNTOL) IFRUNT(2)/¢aRAD/82C, 7 HZRTZ ~ JSP 350
JOUT=NCONTUIOUT) JEP 280
ICON=2 JSP 370

C JSP 380
Ceenzx PACK THI URRIOUS CRDZR RISPCNSES FOR THRE RECUESTED CUTRUT JSP 330
Caazxst PORT INTO AN ARRAY FCOR vRISTOCGRAM- ANALYSIS JSP 400
o JSP 410
PO 1065 I=1,NFRzZQ JSP 420
FR{I)=H1(D) JSP 430

105 Y(I)=Y1(JOUT, 1) JEP 440
KOUNT=NFRE0 JSP 450

Cc JSP 460
C SZCOND-ORDEIR RESPONSE JSP 47
c JSP 480
0O 110 I=1,NZFRPT JSP 480

IF (W2(1).L7.0.00) CO TO 110 JSP 500
KOUNT=XCUNT+1 JSP 510

Y ROUNT I=Y2(JOUT, ID Jse 520
FRIUKCUNTI=WR(T) JSP 530

110 CONTINUZ JSP 540

c JSP 550
C THIRD-ORDER RZSPONSE JSP  SB0
c JSP 570
DD 115 I=1,NIFRPT JSP 586
[LOUNT=KOUNT+1 JSP 5380

i VIKOQUNT 3 =Y3(J0UT, 12 JSP 800
: FROWGUNTI=N3C(TD) JSP 610
115 CONTINUZ JSP 620
JSP E39

Cetaae INITIALIZE JSP B840
c JSP €50
DD 120 I=1,KOUNT JSP €60

12¢ IPT(I)=I JSP 870

I JSP 680
Caswne PIRFONM YHISTOCRAMY ANALYSIS JS5P 690
C JsP 700
NFPT1=X0OUNT~) JSP 710

R0 133 i=1.NFPT1 JSP Teo
IPTUAL=IPT(I) JSP T30

IF CIPTUAL.LT.I) GO TO 135 JSP 740
PrREA=FR(I) JSP 750
I1=1+1 JSP TG0

DO 130 J=I1,KDUNT JSP 77
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IF (FR(J).EQ.PFREG) GO TO 185 JsP

CO_TO 130 N

125 Y=Y T+Y ) Jep

IPT(J)=IPTUAL P

130 CONTINUE sp

135 CONTINUE P

c 5P

Cowwrs PRINT COMPLETE OUTPUT SPECTRUM N

o

IF (LUNIT.EQ.3HRAD) ICON=1 5P

WRITE (6, 155) JOUT is?

WRITE (6, 160) IFRUNTC(ICON) 5P

DO 150 I=1,KOUNT g2

IPTUAL=IPT (1) asP

IF (IPTUAL.LT.I) GO TO 150 52

AMAGN=CAES (7 (1)) s

U=REAL(Y(1)) €2

U=ATMAG(Y (1)) Zsp

IF (AMAGN.EG.0.000) GO TO 140 o5?

YLGC1)=ALOG1 0 AMAGH) e

PHASZ=ATANZ(U, ) #1230, 0003, 141532654 i5e

GO 10 145 osp

140 PHASZ=0.000 acp

YLG(1)==1.000E+30 ase

145 WRITE (B,1G3) FRUI),U,U,AMAGN, PHASE €p

150 CONTINUS ep

c <P

Cwssw» PLOT THE OUTPUT SPECTRUM Jgp

c S

WRITE (6,179) ogn

CALL JPLTSP (FR, YLG,KOUNT,23,23HL0G OF OUTPUT MAGNITUDZ) 52

HRITE (Bs175) IFRUNTCICON) sEp

RETURN 5P

C P

155 FORMAT (1H1,.//, 1%, 47HSINUSOIDAL STEADY-STATE OUTPUT RESPONSE AT PO_SP

IRT» 2% 125 /v 1H »47(1H.)) <P

160 FORMAT (//7Xs SHFREQUENCY, 113, 4HREAL » 12X, SHIMAGINARY s BXs SHMAGNITUDZJSP

1+ 1214 SHPHASE » /BX, A7, 671+ ZHDEGs /14 »GX, 82(1H.)) J5P

165 FORMAT (1H »5X,E12.2,4%,E12.2, 7%, £12.3,5%,E12.3, 7%, £12,3) asp

170 FORMAT (1H1,45%, 31HRESPONSE MAGNITUSE US FRIGUINCY/) asP

175 FORMAT (1HO,55X, L IHFREQGUENCY (4 A7y 1H)) agP

iep

¢ END ogP

: SUBROUTINE JPLTSP (XX, YY,NDATA, NE, LABEL2) JPT

2T

Cm’"*"'"“""'“.*“.ﬂ*-‘“".‘ﬂﬁ"“'.l L X ] '*‘ﬂ**"*"*”ﬂ“"‘“.*""".“““d?'{

c = #JP7

Coswsns THIS SUB-PROGRAM PERFORMS THE FOLLOWING FUNCTION: 22T

c » 1. PLOT THE COMPLETE OUTPUT SPZCTRUM. #JPT

¢ . " 2PT

Camwurs THIS SUB-PROGRAM USIS THI FOLLOWING SUSROUTINIS: NG

c . 1. JSEP £ JPT

c » 2. JLCOMP. JPUT (FUNCTION SUB-PROGRANS) 2P

€ . ®3PT

Coanass  THIS SUB-FROGRAM=S GLOSSARY OF FORTRAN NATES: 8 1PT

c = ¥ : % COORDINATE OF DATA (FRIOLINCY) «2PT

c = vy : ¥ COCRDINATE GF DATA (LOG RAGNITUDE OF OUTPUTs.RT

£ = NB : HUMBZR OF CHARACTERS IN ¥ AXiS LABEL w27

c » LABEL2  : Y AXIS TITLE IN WOLLERITH FORVAT P

c » NDATA ¢ NUMBZR 0F DATA POINTS LT
216
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Laid Rt
C » *JAT
(3 B30T 00 000 050006 5506 $5-00-00 3530 3606 306 36030 3030 23 30 15336 51 4036 3500 36 363035303055 36-56- 36 10 36 3036 0030 55 936 36 9030 06 -0 S-S o0 6 00 [P T
C <PT
RIAL JPUT JPT
DIMZNSION SYMBOL(4)s AMASK(10), MSCALID(12), YSCALZ(S1), PLOT(S!,10JPT

iy JPT
DIMENSION Xil{l)s YYW(1) JPT
DIMINSION LAREELI(6), LD(B0) JPT
DATA (SYH30L(T1),I=1,4) /10 ananns, 1040000009000, 10HSSSSSSSSSSy LIPT
1ORKRRKEHIKKI 2y (AMASKIT), 11, 10),770000005000000003003, 770000000000PT
209380008, 7700000000CCC0353, 77C3500080000¢93, 7700000000003, 7700000000UPT

By 77000C080B, 7700008, 77CG3» 77B~» BLANK/8535333535533535555358» DASH/ 1 JPT

4O~/ UPLINZ /10HITIIIITII1/y PLUS/10R+++++4++4+4/ JPT

C JeT

[nd GINIRATE GRAPH LAZZILS JPT

c N

N2=N3 PT

CALL JSEP (ByGON2-LAZZLZ, LI JPT

[ JPT

c ZERD GRAPH ARRAY 7O ALL BLANKS JPT

c JPT

Dg 103 I=1,51 JPT

D] 105 JU=1,10 JPT

105 PLOT(I, JX=BLANK JPT

C JPT

c FIND DATA MARKIMUM AND MINIMUMS JPT

c JPT

YMAR=KK(L) JPT

RMIN=RMAK JPT

MAM=YY (L) JPT

YMIN=YMAX JPT

IF (NBATALLE.0) GD 7O 115 JPT

D0 110 J=1,NDATA JPT

RIMARSAMAK I MR KR J ) JPT

AIN=AMINLCMINS D)) JPT

YMAR=AMAKL (YMAK, YY(Jd)) JPT

110 YHMIN=AMINL(YMINS YY LU JPT

115 COMTINUZ JPT

C JPT

c DEITERMINI X AND ¥ INCRIMINTS JPT

Cc JPT

¥ST=100. 7 (XMAK~KMIN) JPT

YEL=50.0/(YMAK-YMIND JPT

c JPT

C CONSTRUCT HDORIZONTAL REFZREINCE LINES jg¥
[nd

po 185 1=1,5!,10 JPT

IF (I.L7.2) GO 70 125 JPT

D3 1E0 J=5i,10 JPT

120 PLOT( 1y J)=DASH JPT

125 CONTINUZ JPT

c JPT

c CONSTRUCT UVERTICAL REFERINCI LINT <PT

c JPT

JPT

JPT

JPT

: JPT

=(PLO7T(T, MCED) . AND,AMASK(JPOS)) JPT

JPT

<50
500
510

20
520
540
€50
€60

570

c2
pae]

530
€00
610
620
630
G40

670
680




IF (JLCOMP(TEST, TDASH) £0.0) SYM=PLUS JPT 780

130 PLOT{I, 2MUORDI=UPUT (AIMASKs Iy LWCRDY 2GSy SYM, S1.PLAT <PT 790

JPT 800

DZTERMINZ X, ¥ LOCATICH CF DATA POINTS O GRAPH JPT 810 .

JPT 820 1t

NZF=NDQTH JPT 830 [

EJ 145 J=1,NDF JPT €40 ;

JYREG=CIYY I -NMIND 2YEC+1.5) JPT &30

JRE ORI -HMIN I *K{SC+3.5) JPT €80

JRNORI=(JR/100+1 JPT 870

JPOS=M0D(JK, 100+1 JPT €30

LO 143 Jv=1.JYKK JPT €90

TEST=(PL OI(JY JOCRDY L ANDLEMASKJPOS)) JPT S00 E.

L’*"° INZ ANDL AMATXILRES ) JPT 910

L AMASKLPE5) 8 JPT S20

COUIPG30) JPT 0 S30
JROS5) J

acon

/\-

a—
W ogierng

PT €40
Y.£0.0) GO 7O 135 JPT €30
TY.EQ.0) GO TO 133 JPT €30
Tk 7y.EQ.0) GO TO 133 JPT 570
TUR,TISTY.1HZ.0) GO TO 140 JPT <20
JPT <30
INSZRT SY#ZOL FGR CATA POINT JPT 1000
T 1010
135 GUH=SYIHE0L (1) JPT 1020
GJ 70 143 JPT 1030
JPT 1040
I7 PULTIPLS LATA POINTS IN  SAVE PLOT LOCATION USE = SIGN JPT 1050
w2aaNQTI#ex2 = GICN IS5 INMIBITZD FOR BAR GRAPH FCRM OF OUTPUT JPT 1050
JPT 1070
140 SYH=TYIMBOLT 1) JPT 10430
143 PLOT (W, JHIRT = PUT (AMESK, JV e JUORD, JPOS» 8YM» 51, PLOT) JPT 1090
JPT 1100
CINIRATE ¥ AND ¥ SCALES JPT 1110
JPT 1120 ,
P2 159 I=1,51 JPT 1130 |
150 YECALE(D)=F Loq (I=1)/YSCHYMIM 2PT 1140
‘ J°T 1150
JPT 1160
-1.0-%0 JPT 1170
THC=203. 0/ CRAR=1L0N) JPT 1180
UL L= (MAN=FLOAT (16921100 /HIND) JPT 1190
MAG=ATE (UL L) JPT 1200
17 (LNAS,LZ.0.10) NUL1=0.0 JPT 1210
o J=RUL L JPT 1220
, JPT 1230
~1.51 JPT 1240
I JPT 1850
JPT 1250 ¥
JPT 1270 §
7O 1835 JPT 12890
Y.E0.TLENKY GO TO 150 JPT 1250
Co 70 10 JPT 1300 "
(I WSCALI(IC Y, PLOT(JC D pJ=1, IT) JPT 1310 i
JPT 1220
Yy YSOALT US e (PLOT(IS, D)0 J=10 1T JPT 1330 ‘
JPT 1240 i
JPT 1%50 {
: JPT 135
PRZH} 200, (XSCALE(I), I=1,11,2), (X3CALE(1),1=22,10,2) JPT 137

aco
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]
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RETURN JPT 1330

c J2T 1290
180 FORMAT (13X, 1HL,20(5H....IM) JPT 1400

183 FORMAT (1X»Als 1XsET.2y 1Xs 1H+, L0R10,RS) JPT 1410
190 FORMAT (2X»E10.35 1X» 1H+, 10A10,RS) JPT 1420
153 FORMAT (4%, 11(9X%, 1KU)) JPT 1430

200 FORMAT (4XsE10.3s3XsSC(L0KELG.3)/7Xy5(10%,E10.3)) PT 1440
c JPT 1450
END JRT1480

REZAL FUNCTION JPUTC(AMASK,s Js JWORD, JPOSs SYMs NPOM, PLOT) J? 10

C J2 20
c JPUT ARRANGES DATA POINTS FOR PLOTTING o ci
c P 40
DIMENSION AMASK(10), PLOT(NPDM, 10) N =hs]

REAL JPUT JP G9
JPUT=(PLOT (Jd» JUORD) ., AND, . NOT . AMASKL(IPOS) ) . OR. (RMASK (JPOS) .AND. SYMY P v0
RZTURN P ol¢]

c AP €J
END 2P 100
FUNCTION JLCOMP(I,K) JLP 10

C JoP 20
C JLCOMP ARRANGES DATA POINTS FOR PLOTTING JPZ
C JLP &0
IF ¢(I.GE.0.6ND.K.LT.0} GO TO 103 JUP &0

IF (I.LT.0.AND.K.GZ.0) GD 70 115 JLP &0

IF (I-K) 115,110,105
105 JLCOMP=1
RETURN
110 JLCOMP=0
REZTURN
115 JLCOoMP=-1
RETURN
c

END
SUBROUTINE JSEP (ID1,ID2,MsLABsLA)
c
Cexnan SEP SEPARATES THT ALPHABITS IN THE Y-AXIS LABEL FOR UVERTICAL
Cussux DISPLAY
c

DIMENSION LABCIDL1)s LACID2)
DATA LANK~/10H 7
IF (M.LE.0) GO TO 120
DO 105 I=1,1ID2
105 LA(I)=LANK
LIM=(M-1)-10+1

DO 115 Ii=1,LIM 20
N=11#T1-T1+1 120
LABZL=LAB(I1) ‘ 149
K=LABZL JEP IS0

Do 115 I2=1.10 JEP 169
JJd=N-I2 JSP 170
IF (JJ.GT.M) GO TO 110 JSP L8O
K=MOD(KsB4) JSP 180

c JERP Eon
Cesnaw» BOTH ISHFTLA AND ISHFTRA ARZ SYSTEM DUDEPENDENT ROUTINES seswease 'SP 210
c JEP &7
K=ISHFTLA(K»54) JdSP @30

LAC(JJII=K JSP 40

110 LABEL=ISHF TRA(LABELsE) JSP 250

115 K=LABEL JSe 30

B RN T T 2




120 RITURN JSP
c JSP
o JASP
SUZRCUTING KFRINC (INTYPSNFRZD) KFI
Cc KFl
32020 9090 630 28 2838 3 8195 503030 04 80 52 40 20 53 305604031 36 65038 3855 230 506 20 THIEI 36 30 0HH006 36 36 963606 28 3036 30635 0698 1698 000 % S8 T
c @+ *XFI
Caxstexes  THIS SUZ-F ! RPIRFCIMS THE FOLLOWING FUNCTION: #KF1
C @ 1. " THI FRIQUINCY INCRIMEINTS FOR FRIQUENCY SWEZEP  «KFI
C * T ®1{F
C ﬁ 'KII
Cezzmnrs  THIS U2 CLOESARY OF FORTRAN N2 *KF1
c st INT ; T“ECU;!"” INCR N OR LODY #71
c * NTR C7 IN2UT FRzZey 5) LS
[ * FLL NAMZIS (ND ARRAYWS AS D NED IN #{F I
[od €3 #KEL
[ * ® (71
[t R R R R R R T R R R R LI TR TEL TR 2 A G
C KFI
Kl
L0, ANPIINY, PHAZZI0) , LUNIT KF1I
PSS, TRINSBYRFRID) KFI
C. 151
Casmxa CeEZCX T LINZAR CR LTS iNCREIMINT 1S DISIRED k.I
c I
IF CINTYRLI0LIRLINY GO 70D 110 KFI
Cc KFI
Coxswst LQS FRIQUINCY INIRZVINTS KFI
C KFI
KEl
KR
1.000/(STP3-1.000)) KFI
KFI
C KFI
Crsrend LIRZAR FRIZUINCY INCRIVEINTS KFI
C K&l
N
KF 1
FS KFT
> Kl
Cc KF1I
D] KF1I
CUZRCUTING MFRULS (I,MNFRZDs IFLAGY KFU
Cc KFU
3 464% 30 40 015255 46 48 35 55 50 SH 8042 31 S0 08 S04 2520 T2 39 0100 5 R 4250 0% 00 30T S IEH 36 30 D09 53 56 36 320 38 J 0696 0 30 SO0 30 390 36 309000 0190 - 009 421 [T )
C st =KF
Crsesstr  THIH SUS-FROGTAM FIRFCRNMSE TRz FC"OW’N” TUNCTION: ®*KFY
Cc #* 1. ,NMPUTT THI THRCRAMINTID FRIQUINCY VALUZS FOR THE NEXT #&rFU
c “ *<FU
cC B ®I{FU
Caaxsr THIS ?.RQN NAMZISG: #KFUY
[ * NTS (ANALYSIS) CARRIED OUT  #iG7U
[ * #KFU
A - €1 FU
[ * HﬁNurD #{FU
™ o U
C i SUOCTHER NN
c i+ CUE-FRCIRA N LU
[ * %1 FU

CRFREATHEISRSTFIRIFE I IS IR IBIIBIARDIN IR ABDEILIIBRRBHBTAIRAB RSB RL][T])

270

o
[={w)

100
110
120
120
140
150
160
170
180




1 g ———— —
-y
|
|
i
i
!
c IKFY 120
COMPLEX PHASEZ IFU E0D
COMMON 003~ FRC10),AMP(10), PHASZ(10), LUNIT EY 210 }
COMMON #0047 NSTPS(S5)s FRINC(5), HFR(S) KFU  E290 !
IFLAG=0 Ky 22
C U 840 i
Cwense INCREMENT THE INPUT FREQUENCIES KFY 230 1
C KFY  £30 ¥
DO 105 J4=1,NFREG FU 2ro :
IF (I.GT.NSTPS(J)) GO 70 103 KFU 230 ;
FR(=FR(ID+FRINC(I) KT ES i
IFLAG=1 KFU 260 '
105 CONTINUEZ FU O Zi0 X
IF (IFLAG.EQ.0) RITURN KEU 220 be
I=1+1 KFU 239 ,‘
C KFY 240 L
Cexww» PRINT THT NEW FRECUINCY UALUZS [tV 1
C FU 230 .
WRITE (6,115) LUNIT KEY 270 1
DO 110 J=1,NFREQ {FU 230 ‘u
110 KWRITE (6, 120) J+FR(JIY SVt
RZTURN 1KFY 400 p
c LU a0
115 FGRMAT C(1H1, 18HINPUT FREQUENCIES:,/1H , SHFREBUINCY» SXs BHUALUZ (L AR, 70 429
11H)) FU 43
120 FORMAT (1HB,4XsI11,9%,E10.3) Y @4
C KFU <50
END FU 45
SUBROUTINT LTRANS (NIG,N1s NADDs Kks NLBNy ERy NFROMa NTO, TYPZs ICONTUALLTR 10
1UZ s NNODE,KEY) LTR &£2
LT S0
CQ"HG*QEl&i}lliil*l%*i*i**ﬁ*%**-ﬁ“u‘!-}&*****#*i%**ﬁ%****ﬁ#ﬂi#-}-}i#-}*%ﬂﬂ-*{_?,‘? 40
c » THIS SUB~FROGRAM PEZRFCORMS THE FOLLOWING FUNCTIONS: #_ TR SO
c » 1. READ THZ BIPOLAR TRANSISTOR PARAMITIRS SPZCIFIZD BY [ =h]
c » THZ USER. Rl
c » 2. CALCULATE THI COIFFICISNTS OF THEZ NONLINZAR ELEMENTS +L £n
C »* PRESINT IN THIZ EQUIVALINT TRANSISTOR MOIZL. (3R e
c W 3. FORM TOPOLOGY DISCRIPTION ARRAYS BA3ID ON THE © TR100
C » EQUIVALENT FIFRISINTATION. ®#_TR 10
c # ®_TR 1E2 |
Cunnans THIS SUB~PROGRAM#S GLOSSARY OF FGRTRAN NANIS: ®_TR L0
C » NEG T USZR SPECIFIED ELEMENT(LZIVUICI) NUMBEIR TR 140 i
C # N1 ¢ NODT NUMBER FOR THE BASZ TIRMINAL ®_TR 1S
C * NADD $ CURRENT HIGHIST BRANCH NUMBER IN THIZ LINZAR ®LTR 1G9 '
C » NETWORK «_TR 170
c o KK : UPOM ENTRANCI: CURRENT MUMIZR OF NONLINIAR  «LTR i€0 )
C # ELEMINTS: UPON EXIT: NMUMIIR OF NONLINZAR £ TR 180
c * ELEMENTS AFTER INCLUSICN OF TRARSISTOR NOH- #LTR 00
C » LINZAR ELEMINTS #7210 i
c - ALL DTHER UARIABLE PANMEIS AND ARRAYS AS DIFINZD IN £_TR €20 )
c = SUB-FROGRAM AMAII. ®_ TR 230
C » w_ TR L4n
L5 0055 00000 3 8333 3% 35 3 3 5 3 332 052338 538 5130 20 26 35 54 00 20 2 38 55 20 I 4PSH IS TN TN EE T 22T 2T ET TS 22 2 2 TR o5h
c LR 239
INTEGER ER»TYPESRSC Lwe 70
RZAL IE, IC» ICHMAN MO, M1, M2, M3, ML Ke MU LI £89
DIMENSION ER(1)s NFRIMLYs HWTOCL)s TYPEZC(1), UALLZCL1Y. W{EVL1)s ICCNZTR EDD
1TC1)s NLBMC1) LTR Zeo
COMMON ~001/ NTYPZ(103,A(10,9) LR 20
COMMON #0167 NCONT(Z2), JCONT(10) LIR220




COMMON /ENOS, NCAP, NDUS, NRES, NIND» NDOCS, NCS LTR 330 :
DATA RyCsBR NCy ND/2H Ry 2H Cs 2H4NRs 2HNC» 2HND/ LTR 340 ’
c LTR 350 .
Ceawnsx NODE NUMBERS FOR EMITTIR,COLLECTOR,AND INTERNAL JUNCTION LTR 380 d
c LTR 270 §g
NE=N1+3 LTR z80 !
NCJ=N1+2 LTR 330
NJ=N1+1 LTR 406 4
o LTR 410 |
Cranu® RZAD TRANSISTOR PARAMZITERS LTR 429 i g
c LTR 4Z0
READ (5,120) N,UCR.!IMB0, MU, IC, ICMAX, AP HFEMAX LTR 440
REZAD (5,120 KyREF»CJE,CP2,RB,RC,C1,C3 LTR 450 _
c LTR 480 ,
Crwxxx EMITTER RESISTIUZ NONLINEARITY LTR 470 d
c LTR 480
NADD=NADD+1 LTR 430 ;
ER(NADBD)=NADD LTR 500 i
NLEN(KK ) =NADD LTR S10 :
NFROM(NADD) =NJ LTR 520
NTO{NADD)=NT LTR 530
TYPE{MADD =MR LTR <S40
HFE=HFEMAKX.“ (1. 00+AFP*( (ALOG10(IC/ICMAX) d#x2)) LTR 550
IE=IC®(1,00+1,00/HFE) LTR SB0
G1=37.S#1F LTR 570
AKKy 1)=61 LTR 580
ALKK, 2)=Glex2/IE,2,00000 LTR 5390
AKK, 3)=Glex3/IT#%2,6. 000000 LTR 800
c LTR 610 ;
g»n«n* COLLECTOR DEPENDENT NONLINEARITY LTR €20 :
LR E30 ..
MO=1.00-(1.00~(UCB/UCBO) #*N) LTR €40 !
Mi=NeUCB*s (N-1)#M0##2, UCBO# =N LTR 650
F2=(N-1.0000)#M1/UCB 2. 00+M1 #*2,M0 LTR E60
DUM1=2, 00#M3% ((N-1.0000) /2. 00-UCB+2.0%M1/M0) /3. 0000 LTR B70
BUM2=i11#( (N-1.0000)/2.00/UCB#*2+(111.-M0)%#2) /3,000 LTR 680
}i3=DUM1~DUMR LTR 630 |
' SML=IC#M1/MO LTR 700 |
SM2=1C~M2/M0 LTR 710 £
SHS=IC*M3/MO LTR 720 |
UM2=ALOGL0(2,712281828) %2, 000#AP LTR 730
DUM1=AL0G10{ IC, ICHAKD LTR 740
AL=HFEMAK (KFEMAX+1 . 00+AP#DUML ##2+JUM1#DUM2) LTR 750
A2=~A1#=3*DUM2= (DUML+ALOG10(2.718281818)) 2.0/ IC/HFEMAX LTR 780 !
A3=(A1-6.00)%(-2,00%A2/IC+12, 00#(A2/AL ) #u2-Al ##3#DUM2##2-2, 00/AP/ILTR 770
1C#»2/HFEMAX) LTR 780
JJ=KK+1 LTR 790
NADD=NADD+1 LTR 800
NLEN(JJ:=NADD LTR 810
BR(NADD; =NADD LTR 820 '
NFROMCNADD)=NCJ LTR 830 r
NTO(NADD)=NJ LTR 840 4
TYPZ (NADD)=ND LTR 850 h
ICONT(NADD)=NADD+2 LTR €80
JCONT(JJ)=NADD+ L LTR 870
F{IJe 1)=ALSHO*A KK, 1) LTR &80
ACJJ, 2)1=8M1 LTR 830 !
ACJds 31=A2#MDRA KK, 1 ) nu2+A1 #MORA(KK, 2) LTR 9S00 ‘
A(Jdr4)=5M2 LTR 910 _
ACJJsSI=Al #MLRATKK, 1) LTR 920 -
‘
P 222 ;

Ry

~ 4

PR . - -




A(JJy B)=A3RMO*A (KK, 1) ##3+A1#MO»A (KK, 3) +2. 0#A2%MO*A (KK, 1 3#A(KK,2)
A(JI» 7)=5M3

ACJIy 8I=A2%M]1 #A (KK, 1) ##2+A1%M1%A(KKy 2)

A(JJs D)=Al#M2*A(KKs 1)

C
E"*‘* COLLECTOR-BASE CAPACITANCE

NADD=NADD+1
BR(NADD)=NADD
NFROM(NADD)=NCJ
NTOD(NADD)=N1
IF (ABS(C3).EQ.0.0000000) GO TO 105
TYPE(NADB)=C
UALUE (NADD)=C3
KEY (NARDD)=2
NCAP=NCAP+1
GO TO 110

105 UALUE(NADD)=1.000E+06
TYPE(NADD) =R
KEY (NRDBD)=5
NRES=NRES+1

c
E"*" EMITTER CAPACITOR(LINEAR)

110 NADD=NADD+1
BR(NADD)=NADD
NFROM(NADD)=NJ
NTO(NADD)=NE
TYPE(NADD)=C
UALUE (NADD)=CJE+IE*CP2
KEY(NADD) =2
NCAP=NCAP+1

C
E""* BASE~EMITTER CAPACITANCE(LINEAR)

IF (ABS(C1).EQ.0.000) GO TO 115
NADD=NADD+1
BR(NARDD>=NADD
NFROM(NADD Y=NJ
NTO(NADD)=NE
TYPE(NADD)=C
UALUE (NADD)=C1
KEY (NADD) =2
NCAP=NCAP+1
c
Cannus COLLECTOR CAPACITIVE NONLINERRITY

c
115 L1L=KK+2

NADD=NADD+1
BR(NADD)=NADD
NFRAOM(NADD)>=NCJ
NTO(NADD)I=NJ
TYPE(NADD)=NC
NLBN(LL)=NADD
ACLLy 1 )=K/UCE»»MU
ACLL,2)=~A(LL, 1) UCB/6.000
ACLLy 3)=A(LLy 1) /UCB*#2/27.00

C
Cesass COLLECTOR RESISTANCE (LINEAR)
c
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LTR
LTR
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LTR
LTR
LTR
LIR
LTR
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LR
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LTR
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LTR
LTR
LTR
LTR
LR
LTR
LTR
TR
LTR
LTR
LTR
LTR
LTR
LTR
LR
LTR
LTR
L7R
LTR
LTR
LTR
LTR
LTR
LR
LTR
LIR
LTR
LTR
LTR
LTR
LTR
LTR
LR
LR
LTR
LTR
LTR
LTR
LTR

e3¢0
[ 20
€50
€50
70
S80
30
1000
1010
1020
1020
1040
1050
1089
1070
1080
1050
1100
1110
1120
1120
1150
1150
1:60
1170
1180
1150
1200
1210
1220
1230
1240
1250
1260
1270
1280
1230
1300
1310
1220
1330
1240
1350
1350
1370
1230
1299
1400
1410
1420
1420
1340
1450
1460
1470
1480
1490
1500
1510
1520




LTR 1830

LTR 1340

LTR 1550

LTR 15580

LiR 1570

LTR 1530

LTR 1520

LTR 16800

C LR 1610
x Cussexx LTR 1290
C LTR iB30
LTR 1640

LTR 1850

LTR 185

LTR 1670

LTR 1EED

LTR 1630

LR 1700

C LTR 1710
K= 2 LTR 1720
FOSII=RAN0 IRNOE I N LTR i72
C LTR 174D
Cxexxs LRITI TRANSIGTOR FARANMITEIRS LTR 1750
c LTR 1760
LTR 1770

LTR 17ED

LTR 1¥89

LTR 1800

LTR 1810

LTR 1&29

L7R 1830

”'T—RS-’/1H0’9HN_vF7 3, 11Xy 4HUCB=,F7LTR 1840

LTR 1E30

STORGAT =y E10,3,4%y 2HR=F 7.3y 11X, PHHFEMALTR 1ES0

V.2 LTR 187

DI S EEKE TR D, B GHRIF S, T7 L2, S 4RCUT=, B2, 35 4K GHE=C=, ELILTR 1£20

Ol LTR 1830

CRUAT (14 4 ZHRB=,73.2,8H2H30=,212.3, 5%, 3101 =212, 3, 5%, 3HC3=, £E12.LTR 1200

2o /L1000 LTR 1910

C LTR 1c20

i3 LTR
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5-4. System Dependent Cards

Program PRANC was developed on tis CDC 65CC/6600 computer system at
Purdue University. The system dependent cards contained in the program are

listed in Table 5-1.

Table 5-1. System Dependent Cards

Sub-Program Card Identification Number
AMAIN AMN  2200,6000,6430
GzocC GzC 380
JSEP JSP 230,250

The sub-programs, and their functions called by the cards Llisted 1in

Table 5-1 are as follows:

SECOND: Subroutine SECOND is used to determine the elapsed time in seconds

in performing a sequence of PRANC phrases.

LINEQ4: Subroutine LINEQ4 is a linear equation solver routine, used to in-

vert a complex matrix.

ISHFTLA (I,N): is used to perform an N-ptace arithmetic (eft shift on I

(circular).

ISHFTRA (IN): is used to perform an N-place arithmetic right shift on 1
(end-off, sign fill); e.g. K = ISHFTRA (1,1) sets K to 0; K = ISHFTRA (1,D

sets K to 1.

ay

"

-

§

;
‘.4




CHAPTER 6

CONCLUDING REMARKS

As stated earlier, the fundamental objective underlying this research
effort was to examine the computational aspect of the Volterra series
method. In the process, we developed an efficient algorithm for adapting
the Volterra series method for computer—aided analysis of nonlinear cir-
cuits. A semi-symbolic approach for analyzing the linearized part of the
nontinear circuit was used as the basis for this development. The algorithm
was implemented in a computer program, entitled PRANC. The main contribu-

tions of this effort may thus be identified as follows:

(1) The development of an efficient algorithm for adapting the Volterra

series method for computer—aided analysis.

(2) The development of a symbolic approach for analyzing the Linearized

circuit.

(3) The development of a digital computer program for the spectrum analysis
of nonlinear circuits.

As part of the effort, several network examples were exercised on
PRANC. The execution times invotved in these examples indicate that PRANC
is highly efficient from a computational standpoint. Networks with several
nonlinearities, several energy storage elements (as in Example 4-2), and
multiple input frequencies involve execution times which are small and easi-
ly affordable.

The fundamental criterion in the development of PRANC was computational

efficiency. The results from the use of PRANC indicate that this criterion
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has been met successfully. The “ease of use”, which 1is another important

performance measure in software development, was not given as much weight in

this effort. As part of continuing work, it is recommended that several
user-oriented features, such as free-format input, built~in device model-
ling, parameter variation feature, etc., be incorporated in the program.
The computational efficiency dinherent in the present version of PRANC to-
gether with certain "ease of use’ features should render it a powerful tool

for analyzing nonlinear circuits.
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Appendix A. A DEVICE MODELLING EXAMPLE

In this section we present an example of how to obtain mathematical
models for nonlinear devices. The mathematical models so developed can then
be used to obtain equivalent circuits for analysis purposes.

Most devices commonly encountered in electronics, where one would be
interested 1in computing the harmonic distortion due to the nonlinear opera-
tion, are operated in the active region where the device operation is
quasi-Llinear about an operating point established by the circuit bias. Here
we develop the incremental model for some such devices. It is important to
make a distinction between total and incremental nonlinear circuits. Total
model, or gloSaL models, interrelate the total 1instantaneous voltages,
current, and/or charges in the device. Such models are used for operating
point or lLarge-signal analysis. The incremental or small-signal models for
devices are derived from these global models by some kind of an approxima-
tion (usually a Taylor series expansion) around the operating point. In
deriving incremental models, it 1is desirable to have a model that is in-
dependent of the bias point in the normal active region, so that the non-
linear effects due to a change in the operating point can be predicted.

We now present a mathematical model for a semiconductor diode. In the
commonly wused small-signal applications of semiconductor diodes, two types
of operations are encountered: (1) forward-bias (e.g. mixers); (2) reverse-
bias (varactor converter).

In the forward-bias operation, the primary nonlinearity is a memoryless

nonlinearity given by

I = I_Cexp(qV/nkT) = 13 M
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where n is the ideality factor for the diode. Then for the forward-biased

diode with a small-signal input, we can writeegn. (1) as:

I+ id = ISEexp(qVD/nkt)exp(qu/nkT) - 1] )

where ID and VD are the bias current and voltage, respectively, and id and
vd are the incremental current and voltage. For (qu/nkT) < 1, we have a

convergent Taylor series for:

© 1 qu S
exp(qu/nkT) = Z%) ST \nkt >
S:

Substituting (3) into (2) and approximating
I =1 [ex EXR -1] = 1 EZB
p = 1s|¥*P AkT T tg OXP kT 4

we obtain the following:

a _3_2 2, b ;1_3 3
B E ST VYt 3T T Y4 T3T AkT Vet - 52

-t

which is in a form suitable for analysis on PRANC.
In the case of the reverse~biased diode, the primary nonlinearity is
the nonlinear junction capacitance C(V), where C(V) is of the following

form:

c( 5)

cw) = "
£1 - v/l

where €(0), ¢, and k are generally specified by the manufacturer.
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The charge stored in the capacitor of egn. (5) is:

vV
av) = f cv) dv
0
_ e c(o) 6
k=1 01 - V/M(k-ﬂ
Expanding eqn. (6) into a Taylor series yields:
4=V kv K¢V
+ ... 7

Qv+ v ) = CWW) ot v, o+ = +
c ¢ ¢’ (k-1 c 2!y V) 3!(¢_Vc)2

The incremental capacitor current is the change of total charge with respect

to time. Since VC is a constant, we get

2
N PO dv_ X kCV.)  dv, . k(k+DICV Y I
= 3y - TCohm a% ese
¢ dt ¢’ dt 21 (s V) dt 3!(¢_vc)2 dt “c

Equation (8) is the mathematical model of the incremental nonlinear capaci-
tance current, The first term is a linear capacitor of value C(VC), and the
term in vz represent the nonlinear capacitive terms. Again, note that eqn.
(8) is in a form suitable for analysis on PRANC.

The models for other nonlinear devices, such as transistors, JFETS, va-

cuum tubes, etc., can be found using the same kind of an approach.
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